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A u t o n o m o u s  U A S  C o n t r o l l e d  b y  O n b o a r d  S m a r t p h o n e

b y

P h i l l ip  G a b r ie l  B r y a n t

C o m p u te r  S c ie n c e  P r o g ra m  

C a l i f o r n ia  S ta te  U n iv e r s i ty  C h a n n e l  I s la n d s

A b s t r a c t

T h is  th e s i s  p r e s e n ts  a n  a u to n o m o u s  u n m a n n e d  a i r c r a f t  s y s te m  (U A S )  th a t  is  
c o n tr o l le d  e n t i r e ly  b y  a n  o n b o a r d  c o n s u m e r  s m a r tp h o n e .  T h e  s m a r tp h o n e  h a s  
b e c o m e  a n  a f f o r d a b le  a n d  e a s y - to -u s e  d e v ic e  f o r  th e  a v e ra g e  p e r s o n .  I t  i s  ty p ic a l ly  
d e s ig n e d  to  b e  l ig h tw e ig h t ,  e n e r g y - e f f ic ie n t ,  a n d  h a s  im p r e s s iv e  c o m p u ta t io n a l  
r e s o u r c e s  w i th  p o w e r f u l  s e n s o r s  g iv in g  i t  th e  p o te n t ia l  to  s e rv e  a s  a  c o n tr o l le r  fo r  
a n  a u to n o m o u s  s y s te m . T o  f u l ly  c o n tr o l  a  U A S , h o w e v e r ,  th e r e  a re  s e v e ra l  
c h a l le n g e s .  S o m e  o f  th e s e  in v o lv e  lo w - le v e l  f l ig h t  c o n tr o l  w h ic h  in c lu d e s  th e  n e e d  
to  s e n s e  th e  c u r r e n t  s ta te  o f  th e  U A S  a n d  a c tu a te  f l ig h t- c o n tr o l  s u r f a c e s  in  r e a l  
t im e . O th e r  c h a l le n g e s  in v o lv e  th e  n a v ig a t io n  o f  th e  U A S  in  o r d e r  to  p e r f o r m  s o m e  
u s e fu l  b e h a v io r .  T h e  ty p ic a l  s o lu t io n  is  to  u s e  c u s to m  c o n tr o l  h a r d w a r e  a n d  
s o f tw a r e  th a t  a re  o f te n  e x p e n s iv e  a n d  n o t  a c c e s s ib le  to  th e  a v e ra g e  p e r s o n .  T h is  
th e s i s  s h o w s  h o w  a  s in g le  s m a r tp h o n e  c a n , b a s e d  u p o n  u s e r - s u p p l i e d  G P S  f l ig h t  
p a th  c o o rd in a te s ,  s u b s e q u e n t ly  ta k e  f l ig h t ,  c o l le c t  r e l e v a n t  d a ta ,  a n d  s a fe ly  la n d  
w i th o u t  f u r th e r  in s t r u c t io n .  T h is  p r o je c t  c o n s is ts  o f  a  1 .5 -m e te r  w in g s p a n  a i r p la n e  
c a r r y in g  a n  A n d r o id  s m a r tp h o n e  c o n n e c te d  v i a  I O I O  in te r f a c e  to  s e rv o s  th a t  
a c tu a te  th e  c o n tr o l  s u r f a c e s  a n d  m o to r .  W ith  th e  e x c e p t io n  o f  th e  in i t ia l  G P S  
c o o rd in a te s ,  n o  l iv e  d i r e c t io n  is  n e c e s s a r y  f o r  o p e ra t io n .  P r im a r i ly ,  th is  le v e l  o f  
a u to n o m y  w a s  a c h ie v e d  b y  a g g r e g a t in g  a  d iv e r s e  s e t  o f  k n o w n  a lg o r i th m s  to  
c o l le c t iv e ly  v a l id a te  th e  f e a s ib i l i ty  o f  s m a r tp h o n e - c o n t r o l le d  a u to n o m o u s  s y s te m s .

K e y w o rd s — A u to n o m o u s  U A S , A n d r o id ,  A u to p i lo t ,  IO I O , O n b o a r d  S m a r tp h o n e
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s c h e d u le .  T h e  im m e n s e  p r o f e s s io n a l  t a l e n t  o f  G r e g  G r a d w e l l  in f lu e n c e d  a ll  o f  th e  
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C h a p t e r  1 :  I n t r o d u c t i o n

1 .1  I n t r o d u c t i o n  t o  t h e  P r o p o s e d  S y s t e m

A u to n o m o u s  r o b o ts  a re  b e g in n in g  to  c h a n g e  a  w id e  r a n g e  o f  in d u s t r ie s  s u c h  

a s  t r a n s p o r ta t io n ,  m a n u f a c tu r in g ,  a n d  h e a l th c a r e .  P e r h a p s  th e  m o s t  p r o m in e n t  o f  

th e s e  a u to n o m o u s  r o b o ts  a re  th o s e  d e s ig n e d  f o r  f l ig h t ,  th e  o n e s  w h ic h  h a v e  b e e n  

c o l lo q u ia l ly  r e f e r r e d  to  a s  d ro n e s .  R e s e a r c h e r s  a n d  s ta n d a r d s  b o d ie s  u s u a l ly  r e f e r  

to  a  d r o n e  a s  a n  U n m a n n e d  A e r ia l  V e h ic le  (U A V )  o r  a n  U n m a n n e d  A i r c r a f t  

S y s te m  (U A S ) . In  th e  n e a r  f u tu r e ,  th e s e  U A S s  a re  e x p e c te d  to  b e  u s e d  in  w a y s  th a t  

w i l l  im p r o v e  c ro p  y ie ld s ,  r e d u c e  f i r e  a n d  c r im e  r is k s ,  a n d  im p r o v e  s h ip p in g  t im e s .1 

T h is  ty p e  o f  a i r c r a f t  h a s  n o  o n b o a rd  c r e w  o r  p a s s e n g e r s .  W h ile  d e f in i t io n s  c a n  

v a ry ,  i t  is  g e n e r a l ly  a c c e p te d  th a t  f o r  a n  a i r c r a f t  to  b e  p r o p e r ly  c a te g o r iz e d  a s  a  

U A S , i t  m u s t  h a v e  a  s y s te m  c a l le d  a n  a u to p i lo t  w h ic h  is  c a p a b le  o f  c o n tr o l l in g  a ll 

a s p e c ts  o f  th e  a i r c r a f t ’s f l ig h t .  T h is  in c lu d e s  h ig h - le v e l  c o n tr o l  s u c h  a s  n a v ig a t io n  

b y  v i s i t in g  p r e - d e f in e d  w a y p o in ts .  I t  a ls o  in c lu d e s  lo w - le v e l  c o n tro l  s u c h  a s  

m a in ta in in g  le v e l  f l ig h t  a n d  h a n d l in g  m in o r  p e r tu r b a t io n s  s u c h  a s  lo w - s p e e d  c ro s s  

w in d s .  I t  s h o u ld  a ls o  b e  c a p a b le  o f  t a k e o f f  a n d  l a n d in g  a n d  s h o u ld  b e  in te r r u p t ib le

10
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b y  a  r e m o te  h u m a n  o p e ra to r .  T h e s e  r e q u i r e m e n ts  a re  u s u a l ly  m e t  b y  u s in g  

s p e c ia l iz e d  r e a l - t im e  h a r d w a r e  a n d  s o f tw a r e  th a t  a re  o f te n  e x p e n s iv e  a n d  d i f f ic u l t  

to  u s e  f o r  th e  a v e ra g e  p e r s o n .  T h is  th e s i s  s h o w s  h o w  a  c o m m e rc ia l ,  o f f - th e - s h e l f  

s m a r tp h o n e  c a n  b e  u s e d  to  s a t i s fy  th e  r e q u i r e m e n ts  o f  a  U A S  a u to p i lo t  w h i le  

r e m a in in g  a c c e s s ib le  to  th e  a v e ra g e  u s e r .  T h is  is  e x p e c te d  to  l e a d  to  e v e n  m o r e  

a p p l ic a t io n s  o f  th e  a l r e a d y  p o p u la r  U A S  te c h n o lo g y .

T h e  n e x t  s e c t io n  p r o v id e s  s o m e  h is to r ic a l  b a c k g r o u n d  to  h e lp  th e  r e a d e r  

u n d e r s ta n d  a n d  s i tu a te  th e  w o r k  p r e s e n te d  in  th is  th e s is .  I t  m a y  b e  s k ip p e d  i f  th e  

r e a d e r  is  a l r e a d y  f a m i l ia r  w i th  th is  h is to ry .

1 .2  H i s t o r i c a l  C o n t e x t

U n m a n n e d  a i r c r a f t  s y s te m s  h a v e  b e e n  u s e d  s in c e  a t  l e a s t  th e  m id d le  o f  th e  

1 9 th  c e n tu r y  w h e n  A u s t r i a  e m p lo y e d  b a l lo o n - b o r n e  o r d n a n c e  a g a in s t  V e n ic e ,  

F ig u r e  1 2 A t  th e  e n d  o f  th a t  c e n tu r y ,  in  1 8 9 8 , N ik o la  T e s la  d e m o n s t r a te d  v e h ic le  

r e m o te  c o n tr o l ,  d u b b e d  ‘t e l e a u to m a ta ’, o n  a  p o n d  in  M a d is o n  S q u a re  G a rd e n . 

T e s la ’s p a te n t  w a s  o n e  o f  th e  f i r s t  a p p l ic a t io n s  o f  r a d io  w a v e s  in  h i s to r y  a n d  w a s  

u s h e r e d  in  a lo n g s id e  a  n e w  c e n tu r y  o f  f l ig h t .  A  c o u p le  d e c a d e s  o f  r a p id  in n o v a t io n  

p a s s e d ,  a n d  in  th e  w a n in g  y e a r s  o f  W W 1 , th e  R u s to n  P r o c to r  A e r ia l  T a r g e t  a n d  th e  

K e t te r in g  ‘B u g ’, s h o w n  in  F ig u r e  2 , w e r e  b o r n e .  B y  c o m b in in g  t e le a u to m a ta  a n d  

in te n t io n a l  i s o la te d  o r d n a n c e ,  th e s e  r e m o te ly  p i lo te d  v e h ic le s  (R P V ) ,  s o m e w h a t
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a k in  to  a  c ru is e  m is s i le ,  w e r e  d e s ig n e d  to  u t i l iz e  r a d io  c o n tr o l  t e c h n iq u e s  to  s a fe ly  

d e s t r o y  Z e p p e l in s  f ro m  r a n g e .3

F ig u r e  1. A u s t r ia n  b a l lo o n  b o r n e  o r d n a n c e 4

F ig u r e  2 . K e t te r in g  B u g  r e m o te ly  p i lo te d  v e h ic le s 5 

T h e n , in  th e  d a w n in g  y e a r s  o f  W o r ld  W a r  2 , th e  te r m  ‘d r o n e ’ w a s  f in a l ly  

c o in e d  b y  th e  O f f ic e r  in  C h a r g e  o f  th e  U S  N a v a l  R e s e a r c h  L a b o r a to r y  a s  a
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d e s c r ip t iv e  o f  th e  r a d io - c o n t r o l le d  a e r ia l  ta r g e ts  u n d e r  d e v e lo p m e n t  in  1 9 3 6 . 

A r o u n d  th is  t im e ,  a  B r i t i s h  im m ig r a n t  n a m e d  R e g in a ld  D e n n y  o p e n e d  a  s h o p  in  th e  

g r e a te r  L o s  A n g e le s  a r e a  th a t  w o u ld  s o o n  p r o d u c e  R P V s  b y  th e  th o u s a n d s .  

S im u l ta n e o u s ly ,  t e l e v is io n - a s s is te d  to r p e d o e s  d u b b e d  “P r o je c t  F o x ”  th a t  c o n ta in e d  

a n  o n b o a rd  R C A  c a m e ra  f o r  v id e o  c a p tu r e  w e r e  u n d e rw a y . T h e  p la n  w a s  to  r e t r o f i t  

a  f le e t  o f  f e w e r  th a n  2 0 0  a i r c r a f t  c o n tr o l l in g  m o r e  th a n  5 t im e s  t h e i r  n u m b e r  in  

d r o n e s .6 R a d io - c o n t r o l le d  d r o n e s  b e c a m e  a  h a l lm a r k  o f  m i l i t a r y  h o m e  a rs e n a l ;  

R e g in a ld ’s s h o p  w a s  s o o n  th e  R a d io p la n e  C o m p a n y  ( f ro m  w h e n c e  M a r i ly n  

M o n r o e  f o u n d  h e r  f a m e ) .7

S e v e ra l  m o r e  B -1 7  F ly in g  F o r t r e s s e s  w e r e  o u t f i t t e d  f o r  r e m o te  f l ig h t  in  th e  

y e a r s  l e a d in g  u p  to  th e  1 9 5 0 s . T a k e o f f  a n d  l a n d in g  w e r e  c o m m a n d e d  f ro m  a  J e e p  

o n  th e  g r o u n d  w h i le  in  f l ig h t ,  a  s is te r  B -1 7  m a in ta in e d  c o n tro l .  T h e  r e m o te  a i r c r a f t  

w e r e  m o s t  n o ta b ly  u s e d  to  c o l le c t  d a ta  a n d  s a m p le s  f ro m  th e  r a d io a c t iv e  c lo u d  

p r o d u c e d  b y  a to m ic  p ro je c ts :  O p e r a t io n s  C r o s s ro a d s  ( B ik in i  A to l l ) ,  S a n d s to n e ,  a n d  

G r e e n h o u s e .8 N o t  lo n g  a f te r ,  a s  s e v e ra l  lo c a l  r e s id e n ts  to  C h a n n e l  I s la n d s  s till  

r e m e m b e r ,  P t . M u g u  w a s  b e in g  u s e d  a s  a  t e s t  b a s e  f o r  R P V s . O n  o n e  p a r t ic u la r  

m o r n in g  in  A u g u s t  o f  1 9 5 6 , a  G r u m m a n  F 6 F - 5 K  d r o n e  to o k  f l ig h t  u n d e r  r e m o te  

o p e ra t io n .  S o o n , h o w e v e r ,  i t  s to p p e d  r e s p o n d in g  to  c o m m a n d s ,  h e a d in g  to w a r d  

L o s  A n g e le s .  T w o  F - 8 9 D  S c o r p io n s  w e r e  d i s p a tc h e d  to  b r in g  d o w n  th e  d r o n e , b u t  

w e r e  u n a b le  to  l a n d  a  d i r e c t  h i t  b e f o r e  r u n n in g  o u t o f  fu e l ,  w i th  s tr a y  m is s i le s

13



Master Thesis by Phillip Bryant

b o u n c in g  a r o u n d  th e  s tr e e ts ,  s ta r t in g  f i r e s ,  a n d  d a m a g in g  p ro p e r ty .  F in a l ly ,  th e  

F 6 F - 5 K  c r a s h e d  a  f e w  m i le s  e a s t  o f  th e  P a lm d a le  R e g io n a l  A ir p o r t .  T h e re  w e r e  n o  

fa ta l i t ie s :  e v e r  s in c e  lo c a l s  h a v e  r e f e r r e d  to  th e  d a y  a s  th e  B a t t l e  o f  P a lm d a le .

T h e s e  d e v e lo p m e n ts  m o r p h e d  in to  th e  id e a  o f  r e m o te  r e c o n n a is s a n c e  d u r in g  

th e  V ie tn a m  W a r . T h e  d e m a n d  f o r  a n  R P V  c a p a b le  o f  p e n e t r a t in g  d e e p  in to  e n e m y  

te r r i to r y  e s c a la te d  d r a m a t ic a l ly  in  1 9 6 0  w h e n  a  U -2  p i lo t ,  F r a n c is  G a r y  P o w e r s ,  

w a s  s h o t  d o w n  o v e r  th e  U S S R .9 T h e  h ig h ly - c la s s i f ie d  R e d  W a g o n  R P V  p r o g ra m  

w a s  b o r n ;  t a s k e d  to  m o d if y  th e  R y a n  F i r e b e e  ta r g e ts ,  F ig u r e  3 , w h ic h  w e r e  

p r e v io u s ly  u s e d  to  v e r i f y  a n t i - a i r c r a f t  s y s te m s .10 J u s t  a  f e w  y e a r s  la te r ,  in  1 9 6 4 , 

w i th  th e  “ T o n k in  G u l f  R e s o lu t io n ”  a n d  th e  b i r th  o f  th e  V ie tn a m  w a r ,  th e  f i r s t  R y a n  

1 4 7 B s  ( L ig h tn in g  B u g s )  w e r e  d e p lo y e d  f ro m  H e r c u le s  C -1 3 0  g u n s h ip s .  T h e  

L ig h tn in g  B u g s  c a r r ie d  o n b o a rd  c a m e ra s ,  f le w  a  p r e p r o g r a m m e d  r o u te  t a k in g  s ti l l  

p h o to g r a p h s  f o r  u p  to  tw o  h o u r s ,  a n d  w e r e  c o l le c te d  b y  h e l i c o p te r  a f te r  th e y  

p a r a c h u te d  f o r  r e c o v e r y  n e a r  T a iw a n .

O v e r  th e  c o u rs e  o f  th e  V ie tn a m  W a r ,  n e a r ly  3 5 0 0  R y a n  r e c o n n a is s a n c e  

d r o n e s  w e r e  f lo w n .9 T h e  m a jo r i ty  o f  th e s e  t a r g e t  d r o n e s  w e r e  la u n c h e d  w i th o u t  

l a n d in g  g e a r  f ro m  a i r c r a f t  o r  o f f  a  r a i l  u s in g  s o l id - fu e l  r o c k e t - a s s is t e d  t a k e o f f  

(R A T O )  b o o s te r s ,  a s  s h o w n  in  F ig u r e  3 . I n  th e  1 9 7 0 s , th e  A i r  F o r c e  la u n c h e d  th e  

C o m p a s s  C o p e  p r o g r a m  to  in c r e a s e  th e  r a n g e  a n d  s u rv e i l la n c e  c a p a b i l i t ie s  o f  

R P V s . T h e  p r o to ty p e s  w e r e  p o te n t ia l ly  c a p a b le  o f  f ly in g  f o r  o v e r  2 4  h o u r s  w h i le
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c o m m a n d e d  b y  G r o u n d  C o n tr o l  S ta t io n s  (G C S ) . D A R P A  in c r e a s e d  f u n d in g  w i th  

th e  R e m o te ly  P i lo te d  A e r ia l  O b s e r v a t io n /D e s ig n a t io n  S y s te m  p r o g r a m  in  1 9 7 2 . 

A f te r  a  s e r ie s  o f  f o re r u n n e r s ,  te s t s ,  a n d  r e q u e s t s  f o r  p r o p o s a l  ( R F P s ) ,  e v e n tu a l ly  

L o c k h e e d ’s M Q M - 1 0 5  A q u i la  to o k  i ts  f i r s t  f l ig h t  in  1 9 8 3 . T h e  A q u i l a  w a s  

la u n c h e d  h y d r a u l ic a l ly  a n d  c o n tr o l le d  f ro m  a  5 - to n  t ru c k . I ts  t a r g e t  a c q u is i t io n ,  

d e s ig n a t io n ,  a n d  a e r ia l  r e c o n n a is s a n c e  ( T A D A R )  f u l f i l lm e n t  p a c k a g e  w a s  a 

W e s t in g h o u s e  t e le v is io n  im a g e / la s e r  d e s ig n a to r ,  a  s e c u r e  c o m m u n ic a t io n s  l in k  

( r a d io  w i th  p r o to c o ls ) ,  a n d  a  N e a r  I R  d e te c to r .11

F i g u r e  3 . R y a n  F i r e b e e  r o c k e t  a s s i s te d  t a k e o f f 12 

W h ile  th e  A m e r ic a n  p r o g r a m s  la b o r e d  u n d e r  b u d g e t  c u ts  a n d  w a n e d  u n d e r  

th e  g e n e ra l  d i s a p p r o v a l  o f  th e  p u b l ic  e y e , th e  I s r a e l i  A i r  F o r c e  w a s  m o v in g  fu ll  

s te a m  a h e a d . B y  th e  1 9 7 0 s , th e  b r i l l i a n t  e n g in e e r  A b r a h a m  K a r e m  w a s  b u i ld in g
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d r o n e s  f o r  th e  I s r a e l i  A i r  F o r c e .  In  1 9 8 2 , I s r a e l  c o o r d in a te d  th e  u s e  o f  th e s e  U A S  

a s  d e c o y s ,  j a m m e r s ,  a n d  in s ta n t  v id e o  r e c o n  a lo n g s id e  m a n n e d  a ir c ra f t .  T h e  r e s u l t  

w a s  a  s w if t  v ic to r y  o v e r  a  S y r ia n  f le e t .  In  th e  s a m e  y e a r  a s  th is  a t ta c k ,  K a r e m  w a s  

c o n v in c e d  o f  th e  t e c h n o lo g ic a l  p r o w e s s  o f  d ro n e s .  H e  m o v e d  to  A m e r ic a  a n d  b u i l t  

a  c ig a r is h  a i r c r a f t  d u b b e d  th e  ‘A lb a t r o s s ’ w h ic h  c o u ld  f ly  f o r  5 6  c o n t in u o u s  h o u r s ,  

F ig u r e  4 . W ith  p r e s s u r e  f ro m  th e  im p r e s s iv e  I s r a e l  e n g a g e m e n t  o f  U A S , p r o g r e s s  

w a s  r a p id .  T h e n  p o l i t ic a l  u p h e a v a l ,  in c lu d in g  a  c o n g re s s io n a l  b lo c k  o f  a ll  U A S  

fu n d in g ,  l e d  to  G e n e r a l  A to m ic s  a s s im ila t in g  K a r e m ’s te a m , a n d  A lb a t r o s s  b e c a m e  

G N A T - 7 5 0 .  T h e  G N A T  w a s  e q u ip p e d  w i th  G P S  n a v ig a t io n ,  in f r a r e d  lo w - l ig h t  

c a m e ra s  in  a  m o v e a b le  n o s e  s e n s o r  tu r r e t ,  a n d  C - b a n d  d a ta l in k  o f  u p  to  150  

n a u t ic a l  m ile s .  I t  f a m o u s ly  s ta y e d  f u n d e d  o n ly  b y  a  th e n - s e c r e t  C I A  p r o je c t  c a l le d  

L o f ty  V ie w  d u r in g  th e  B o s n ia n  w a r .13

T h e  G N A T  w a s  s t i l l  v e r y  l im ite d .  I t  p e r f o r m e d  p o o r ly  in  w e a th e r  a n d  c e n tr a l  

c o n tr o l  w a s ,  a t  b e s t ,  a n  e m a i l  e x c h a n g e  f ro m  L a n g le y  to  th e  o p e r a to r  in  A lb a n ia .  

T h u s ,  th e  P r e d a to r  w a s  b o rn :  e s s e n t ia l ly  a  G N A T  w i th  l a s e r - g u id e d  ta r g e t in g ,  d e 

ic in g ,  a n d , m o s t  im p o r ta n t ly ,  a  S A T C O M  d a ta l in k  a l lo w in g  w o r ld w id e  

c o m m u n ic a t io n .  I t  to o k  a n o th e r  7 y e a r s  o f  d e v e lo p m e n t  b e f o r e  i t  m a d e  i ts  f ir s t  

s t r ik e ,  a n d  th e  p r o g r a m  to  b u i ld  a n d  m a in ta in  th e s e  lo n g - r a n g e  s u rv e i l la n c e  U A S  

h a s  c o s t  n e a r ly  $3  b i l l io n  to  d a te .14 T h is  p r o g r a m  e v e n  in c lu d e d  th e  a l lo c a t io n  o f  

th e  C r e e c h  A i r  B a s e ,  d e s ig n e d  e x c lu s iv e ly  to  s u p p o r t  U A S  o p e ra t io n s .
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F i g u r e  4 . K a r e m ’s A lb a t r o s s ,  p r e d a to r  f o r e r u n n e r 15

W ith in  th e  l a s t  d e c a d e ,  s p u r r e d  b y  th e  e x te n s iv e  m i l i t a r y  in v e s tm e n t- - $ 2 .9  

b i l l io n  F Y 1 6 , th e  c iv i l i a n  m a r k e tp la c e  h a s  u n d e r g o n e  a  g r a s s r o o ts  r e v o lu t io n .16 

L a r g e  c o m p a n ie s  h a v e  c o n t in u e d  d e v e lo p m e n t .  F o r  e x a m p le ,  in  2 0 0 7  R a y th e o n  

w o r k e d  w i th  th e  U n iv e r s i ty  o f  N o r th  D a k o ta  to  b u i ld  a  1 0 - fo o t  w in g s p a n  d ro n e , 

d u b b e d  C o b r a ,  to  t e s t  a g r ic u l tu ra l  a n d  c iv i l ia n  s u rv e i l la n c e  a p p l i c a t io n s .17 B u t  

s ta r tu p s  a n d  h o m e b r e w  a u to p i lo t s  t r i c k l in g  in to  th e  m a r k e tp la c e  r ip e  w ith  

h o b b y is t s  h a s  d r iv e n  th e  m a rk e t .  In  th e  W e s t ,  in  2 0 0 9 ,  3 D R  R o b o t ic s  b u i l t  th e  f i r s t  

w id e s p r e a d ,  a f f o r d a b le  a u to p i lo t  w i th  A r d u p i lo t ,  F ig u r e  5. A r o u n d  th e  s a m e  t im e ,  

D J I  R o b o t ic s  in  C h in a  w a s  d e l iv e r in g  th e i r  h o b b y i s t  h e l ic o p te r  a u to p i lo t ,  th e  

I n n o v a t io n s  X P  3 .1 . T h e s e  e f f e c t iv e ,  in e x p e n s iv e  s o lu t io n s  h a v e  s t i r r e d  d e m a n d ,  

w i th  th e  c o m m e rc ia l  in d u s t r y  e x p e c te d  to  g e n e ra te  $ 1 2  b i l l io n  in  s a le s  in  th e  

e n s u in g  d e c a d e .18
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F i g u r e  5 . A r d u p i lo t ,  a n  o p e n - s o u r c e  a u to p i lo t  p l a t f o r m 19

1 .3  T h e  P r o p o s e d  U A S

T o d a y , th e  U A S  in d u s t r y  is  a  c o l le c t io n  o f  d e s ig n s  r a n g in g  in  s iz e  f ro m  th e  

h u m a n  h a n d  to  a  s e m i- t ru c k . T w o  d e s ig n s  th a t  a re  in d ic a t iv e  o f  th is  b r o a d  r a n g e  a re  

A e r o V i r o n m e n t ’s P u m a 20 a n d  D J I ’s P h a n to m 21, F ig u r e s  6  a n d  7 r e s p e c t iv e ly .  T h e  

P h a n to m  is  a  q u a d c o p te r  b u i l t  p r im a r i ly  to  s u p p o r t  h o b b y i s t  c in e m a to g r a p h y .  I t  is  

s e m i- a u to n o m o u s  w i th  s ix te e n  p r o g r a m m a b le  w a y p o in ts  a n d  a u to m a t ic  l a n d in g .  I t  

c o s ts  a p p r o x im a te ly  o n e  th o u s a n d  U S  d o l la r s  a n d  h a s  a  f l ig h t  t im e  o f  tw e n ty - f iv e  

m in u te s .22 T h e  P u m a  is  a  h a n d - la u n c h e d  a i r c r a f t  t h a t  f o c u s e s  o n  in te l l ig e n c e  

g a th e r in g  f o r  m i l i t a r y  a p p l ic a t io n s .  I t  h a s  b o th  m a n u a l  a n d  a u to n o m o u s  c o n tr o l ,  c a n  

s ta y  a i r b o r n e  f o r  o v e r  th r e e  h o u r s  a n d  n in e  m ile s ,  a n d  c o s ts  a b o u t  o n e  q u a r te r  o f  a  

m i l l io n  d o l la r s .23 C o s t  a n d  k n o w le d g e  b a r r ie r s  e l im in a te  a  la r g e  p a r t  o f  th e
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p o p u la t io n  f ro m  th e  p o te n t ia l  u s e r  b a s e  fo r  th e s e  s y s te m s  a n d  th e  b e n e f i ts  th e y  c a n  

p r o v id e ,  w h i le  a f f o r d a b le  a n d  s im p le  s y s te m s  a re  c o n s t r a in e d  in  te r m s  o f  

o p e ra t io n a l  e f f e c t iv e n e s s .  T h e  U A S  p r e s e n te d  in  th is  th e s i s  r e p r e s e n ts  a  s o lu t io n  

b e tw e e n  th e  tw o . I t  is  in te n d e d  to  b e  a c c e s s ib le  to  th e  g e n e ra l  p u b l ic  w h i le  o f fe r in g  

th e  s o p h is t ic a te d  a u to n o m y  o f  a n  a d v a n c e d  U A S . I t  d o e s  th is  b y  l e v e r a g in g  th e  

s u rp r is in g  c a p a b i l i t ie s  o f  t o d a y ’s s m a r tp h o n e  te c h n o lo g y .

P e r h a p s  th e  f i r s t  s u c c e s s fu l  c o m m e rc ia l  s m a r tp h o n e  w a s  th e  iP h o n e  w h ic h  

w a s  in t r o d u c e d  b y  A p p le  in  2 0 0 7  24 In  th e  n in e  y e a r s  s in c e  i ts  r e le a s e ,  th e  

s m a r tp h o n e  m a r k e t  h a s  p e r v a d e d  th e  p la n e t .  O v e r  a  b i l l io n  u n i ts  a re  s o ld  e a c h  y e a r ,  

m o r e  th a n  h a l f  o f  w h ic h  a re  o n  th e  c o m p e t in g  A n d r o id  p la t f o r m .25 T h e y  a re  n o w  a n  

e s s e n t ia l  p a r t  o f  m o d e r n  s o c ie ty . T h e y  a re  d e s ig n e d  to  b e  e a s y - to -u s e ,  a n d  c o m e  

e q u ip p e d  w i th  a d v a n c e d  s e n s o r s  a n d  p r o c e s s o r s  th a t  s u rp a s s  th o s e  a v a i la b le  o n  a  

ty p ic a l  c o n s u m e r - g r a d e  U A S  a u to p i lo t .  B e c a u s e  th e  a v e ra g e  p e r s o n  h a s  b e c o m e  

f a m i l ia r  w i th  s m a r tp h o n e  o p e r a t io n  i t  w a s  e x p e c te d  th a t  a  s m a r tp h o n e - b a s e d  

a u to p i lo t  c o u ld  b e  u s e r - f r ie n d ly  a n d  a f f o r d a b le  w i th o u t  s a c r i f ic in g  e s s e n t ia l  U A S  

c a p a b i l i t ie s .  T h e r e  h a v e  b e e n  s e v e ra l  s im i la r  a t te m p ts  a t  th is  d e s ig n  a p p r o a c h 26,27,28, 

b u t  n o n e  d e m o n s t r a te  f u l ly  a u to n o m o u s  f l ig h t .
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F ig u r e  6 . A e r o V ir o n m e n t  P u m a 20

F ig u r e  7 . D J I  P h a n to m  3 21
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T h e  p r im a r y  c h a l le n g e  in  th is  th e s i s  w a s  to  d e s ig n  a n d  b u i ld  a n  a u to n o m o u s  

s y s te m  th a t  c o u ld  r e l i a b ly  r e p la c e  th e  m o r e  e x p e n s iv e ,  c o m p l ic a te d ,  a n d  r e a l - t im e  

o f f e r in g s  c u r r e n t ly  a v a i la b le .  T h e  th r e e  k e y  a s p e c ts  to  im p r o v e  w e r e  id e n t i f ie d  as  

c o s t ,  u s a b i l i ty ,  a n d  u t i l i ty .  C o s t  a n d  u s a b i l i ty  w e r e  in h e r e n t ly  s o lv e d  b y  th e  

s m a r tp h o n e  i ts e l f ,  a s  th e y  a re  n e a r ly  u b iq u i to u s  w i th  a p p l ic a t io n s  t h a t  a re  v e r y  

f a m i l ia r  to  th e  la y m a n . A s  s m a r tp h o n e  t e c h n o lo g y  a d v a n c e s ,  th e  s e n s o r  a n d  

s o f tw a r e  f u n c t io n a l i ty ,  a n d  th e r e f o r e  u t i l i ty ,  c o n t in u e s  to  r is e .  S y n c h r o n iz e d  w i th  

th is  g r o w in g  u t i l i ty ,  th e  d e v e lo p m e n t  c y c le s  o n  a  h ig h ly  s u p p o r te d  s m a r tp h o n e  

p la t f o r m  a re  n o ta b ly  s h o r te r .  T h u s ,  th e  m a in  c h a l le n g e  w a s  to  d e s ig n  a n d  b u i ld  th e  

s o f tw a r e  th a t  w o u ld  a l lo w  th e  c o m b in a t io n  o f  th e  s m a r tp h o n e  w i th  a  U A S . T h e  

r e m a in d e r  o f  th is  d o c u m e n t  d e s c r ib e s  h o w  th i s  c h a l le n g e  w a s  m e t .

1 .4  R e m a i n i n g  C h a p t e r s

In  th e  s e c o n d  c h a p te r ,  a  s u rv e y  o f  r e l a te d  w o r k  f ro m  a n t iq u i ty  to  

c o n te m p o r a r y  c o n t r ib u t io n s  is  p r e s e n te d .  T h e  th i r d  c h a p te r  d i s c u s s e s  th e  

b a c k g r o u n d  o f  c o re  t e c h n o lo g ie s  t h a t  w e r e  u s e d  to  d e v e lo p  th e  p r o p o s e d  U A S . 

T h is  in c lu d e s  a  s u rv e y  o f  th e  c o re  a lg o r i th m s  a n d  m e th o d o lo g ie s  th e r e  w e r e  n e e d e d  

to  a c h ie v e  a u to n o m y , a lo n g s id e  th e  f i r s t  s ta g e s  o f  a u to m a te d  c o n tro l .  T h e s e  f i r s t  

s ta g e s  in c lu d e  e a r ly  e x p e r im e n ts  w i th  a  r e m o te - c o n t r o l l e d  c a r  t h a t  w a s  c o m m a n d e d  

to  d r iv e  a r o u n d  a  c o u rs e .  T h e  f o u r th  c h a p te r  o u t l in e s  h o w  th e  p r o p o s e d  U A S  w a s
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d e s ig n e d ,  in c lu d in g  th e  a r c h i te c tu r e  a n d  p h y s ic a l  s tru c tu re .  T h e  f i f th  c h a p te r  

d e l in e a te s  th e  p e r f o r m a n c e  r e s u l ts  o f  th e  p r o p o s e d  U A S , h o w  s u c c e s s fu l ly  i t  

m a n a g e d  f l ig h t ,  a n d  s e v e ra l  o f  th e  p i t f a l l s  e n c o u n te r e d  a lo n g  th e  w a y . T h e  s ix th  

c h a p te r  lo o k s  a t  a  s e le c t io n  o f  a d d i t io n a l  r e s e a r c h  w h ic h  w a s  c o m p le te d  d u r in g  th is  

th e s is :  a  c o l le c t io n  o f  s tu b s  r ip e  f o r  f u tu r e  w o rk . T h e  s e v e n th  a n d  f in a l  c h a p te r  

in c lu d e s  a  s u m m a ry  o f  th e  p r o je c t ’s r e s u l ts .  T h e  f in a l  c h a p te r  a ls o  c o m p a r e s  

d i f f e r e n t  l e a r n in g  te c h n iq u e s ,  in c lu d in g  w h a t  r e m a in s  u n s o lv e d  a n d  w h a t  c o u ld  b e  

a d d e d  to  f u r th e r  e n h a n c e  th e  p ro je c t .
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C h a p t e r  2 :  R e l a t e d  W o r k

T h is  c h a p te r  p r o v id e s  a  h i s to r ic a l  b a c k g r o u n d  a e r ia l  s y s te m s  c o n tro l  a s  i t  

r e la te s  to  th is  th e s is .  T h e  c h a p te r  a ls o  s u rv e y s  s o m e  o f  th e  m o re  r e c e n t  w o r k  d o n e  

in  th is  f ie ld  a n d  c o m p a r e s  i t  w i th  th e  a p p r o a c h  t a k e n  h e re .

2 .1  E a r l y  a n d  C l a s s i c a l  C o n t r o l

O n e  o f  th e  f i r s t  m a th e m a t ic a l  m o d e ls  f o r  s ta b i l i ty  w a s  c o m p le te d  in  th e  

1 8 7 0 s  b y  V y s h n e g r a d s k i i ,

w h o  f o u n d  th a t  a  p o in t  in  th e  x  — y  p la n e  d e l in e a te d  th e  s y s te m  t r a n s ie n t  

r e s p o n s e — th a t  is  th e  r e s p o n s e  a  s y s te m  to  a  c h a n g e  in  e q u i l ib r iu m .29 B y  th e  

b e g in n in g  o f  th e  2 0 th  c e n tu r ie s ,  e a r ly  t e x tb o o k s  w e r e  b e in g  p u b l is h e d  on  

a u to m a te d  c o n tr o l ,  i n c lu d in g  k e y  d e ta i ls  l ik e  th e  H u r w i tz  s ta b i l i ty  c r i te r io n  th a t  

p r o v id e s  a  c o n s tr u c t  to  id e n t i f y  i f  l in e a r  e q u a t io n s  o f  m o t io n  h a v e  s ta b le  

s o lu t io n s .30 W ith in  th e  e n s u in g  c e n tu r y  a f te r  th e  W r ig h t  b r o th e r s ’ h i s to r ic  1 9 0 3  

f l ig h t ,  th is  n a s c e n t  r e s e a r c h  w o u ld  t r a n s f o r m  in to  e v e r - im p r o v in g  a u to p i lo ts .
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W ilb u r  W r ig h t ,  in  1 9 0 1 , w h e n  s p e a k in g  b e f o r e  th e  W e s te r n  S o c ie ty  o f  

E n g in e e r s ,  s a id , “M e n  a l r e a d y  k n o w  h o w  to  c o n s tr u c t  w in g s  o r  a e r o p la n e s . . .  [b u t]  

in a b i l i ty  to  b a la n c e  a n d  s te e r  s ti l l  c o n f r o n ts  s tu d e n ts  o f  th e  f ly in g  p r o b l e m .  w h e n  

th is  o n e  f e a tu re  h a s  b e e n  w o r k e d  o u t, th e  a g e  o f  f ly in g  m a c h in e s  w i l l  h a v e  

a r r iv e d .” 31 T h is  h is to r ic  c o m m e n t  is  s ti l l  r e l e v a n t  to d a y  a n d  is  p la y in g  o u t  in  th e  

f ie ld  o f  p r a c t ic a l ,  f u l ly - a u to m a te d  f l ig h t ,  th e  f o c u s  o f  th is  th e s is .

2 .1 .1  S p e r r y ’s G y r o s c o p ic  S t a b i l i z e r

In  J u n e  o f  1 9 1 4 , L a w r e n c e  S p e r ry  w a s  a b le  to  f ly  h i s  a i r c r a f t  w h i le  s ta n d in g

o n  o n e  o f  i ts  w in g s  w h i le  h is  b u s in e s s  p a r tn e r ,  E m il  C a c h in ,  s a t  o n  th e  o th e r  

w in g — w ith  a n  e m p ty  c o c k p i t .32 T h e  m o m e n t  p r io r  to  h im  w a lk in g  o n to  th e  w in g  

w a s  c a p tu r e d  in  F ig u r e  8. T o  th e  a m a z e m e n t  o f  th e  c ro w d , th e  a i r c r a f t  w a s  h e ld  

s ta b le  b y  a  q u a r te t  o f  a i r - a c tu a te d  h y d r a u l ic  s e rv o  v a lv e s  a n d  g y r o s c o p e s .  T h e y  

in te r c o n n e c te d  to  r e la t iv e ly  d e te c t  th e  p o s i t io n  o f  th e  a i r c r a f t  a n d  a p p ly  c o r r e c t iv e  

a c t io n  to  th e  r u d d e r ,  e le v a to r ,  a n d  a i le r o n s .33 T h e  g y ro s  th e m s e lv e s  w e r e  an  

e x te n s io n  o f  L a w r e n c e ’s f a th e r  E lm e r  S p e r r y ’s w o rk . T h e y  w e r e  e s s e n t ia l ly  

d e v ic e s  th a t  m a in ta in e d  th e i r  o r ie n ta t io n  in  s p a c e  w h i le  th e  g im b a ls  r o ta te d  a r o u n d  

th e m  a s  s h o w n  in  F ig u r e  9 . W h a t  w a s  p a r t ic u la r ly  im p r e s s iv e  a b o u t  S p e r r y ’s 

g y r o s c o p ic  s ta b i l iz e r  w a s  t h a t  i t  i n c lu d e d  a n  in tu i t iv e  in c o r p o r a t io n  o f  th e  

d e r iv a t iv e  a c t io n  in  a d d i t io n  to  a n  a d a p t iv e  b e h a v io r ,  s in c e  th e  g a in  k e p t  u p  w ith
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th e  s p e e d  o f  th e  a ir c ra f t .  S p e r ry  in v e n te d  th is  b r i l l i a n t  c o n tro l  s y s te m  w i th o u t  th e  

m a th e m a t ic a l  th e o r y  b e h in d  th e s e  in s ig h ts ,  w h ic h  w e r e  u n c o v e r e d  la te r .

F i g u r e  8 . S p e r ry  f l ie s  w i th o u t  h a n d s ,  w i th  E m ile  C a c h in  o n  lo w e r  w in g 34

F i g u r e  9 . D is p la c e m e n t  g y ro ,  m o u n te d  o n  g im b a ls ,  m a in ta in s  i ts  o r ie n ta t io n 35

2 .1 .2  D i r e c t i o n a l  S t a b i l i t y  o f  A u t o m a t i c a l l y - S t e e r e d  B o d ie s

T h e  e x c i te m e n t  s u r r o u n d in g  S p e r r y ’s d e v ic e  a n d  W W I  e n s u r e d  s ig n i f ic a n t

t e c h n o lo g ic a l  in v e s tm e n t  in  a u to p i lo t  d e s ig n . B y  th e  m id - 1 9 3 0 s ,  a  n u m b e r  o f  

a i r c r a f t  w e r e  u s in g  th e m  f o r  lo n g - d is ta n c e  f l ig h t  r e c o r d s .  D u r in g  th a t  t im e ,  th e
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R u s s ia n  s c ie n t is t ,  N ic h o la s  M in o r s k y ,  c o m p le te d  a n d  p u b l is h e d  a n  im p o r ta n t  s tu d y  

o f  c o n tr o l .36 M in o r s k y ’s r e s e a r c h e d  w a s  f o c u s e d  o n  th e  g o a l  o f  g e n e ra l  s ta b i l i ty ,  

n o t  p e r f e c t  c o n tro l  a n d  w a s  b a s e d  o n  th e  o b s e rv a t io n s  o f  th e  a c t io n s  o f  a  h e lm s m a n  

w h o  c o m m a n d s  a  s h ip  b a s e d  u p o n  c u r r e n t  e r ro r ,  p r e v io u s  e r ro r ,  a n d  th e  r a te  o f  

c h a n g e  b e tw e e n  th e  tw o . H is  p a p e r  e s ta b l i s h e d  a  m a th e m a t ic a l  m o d e l  u p o n  w h ic h  

th e  p io n e e r s  o f  th e  a v ia t io n  in d u s t r y  w e r e  la r g e ly  b u i ld in g  v ia  in tu i t io n  a n d  t r ia l  

a n d  e r ro r .

M in o r s k y  f i r s t  a r g u e d  th a t  th e  r e q u i r e m e n ts  f o r  g o o d  s te e r in g  w e r e  k n o w n : 

“ A n  e f f ic ie n t  h e lm s m a n  k e e p s  th e  s h ip  a c c u r a te ly  o n  h e r  c o u rs e  b y  e x e r t in g  a  

p r o p e r ly  t im e d  m e e t in g  a n d  e a s in g  o n  th e  r u d d e r .” 36 H e  w e n t  o n  to  c o n te n d  th a t  a  

p a r t ic u la r  t im in g  o f  th e  r u d d e r  i n  c o n ju n c t io n  w i th  c u r r e n t  in e r t ia  w o u ld  b e  

s u f f ic ie n t  to  “r e a c h  th e  b e s t  p o s s ib le  c o n d i t io n s  f o r  d i r e c t io n a l  s ta b i l i ty  o f  th e  b o d y  

to  b e  s te e r e d  o n  i ts  c o u r s e .” 36 T h is  le a d s  d i r e c t ly  to  th e  e q u a t io n ,

w h e r e  a  is  th e  s h ip ’s d e v ia t io n  a n g le  f ro m  th e  d e s i r e d  c o u rs e ,  p  is  th e  a n g le  

o f  th e  r u d d e r ,  A  is  th e  s h ip ’s m o m e n t  o f  i n e r t ia  a b o u t  th e  v e r t ic a l  a x is ,  B  is  th e  

s h ip ’s f r ic t io n a l  r e s i s ta n c e  to  tu r n in g ,  D  is  th e  d i s tu r b in g  to r q u e ,  a n d  k  is  a  c o n s ta n t  

d e p e n d e n t  u p o n  th e  r u d d e r ’s c h a ra c te r is t ic s .  T h e r e f o r e ,  th e  r u d d e r  a n g le  c a n  b e  

s o lv e d  a s  a  f u n c t io n  o f  th e  d e v ia t io n  a n d  i t s  d e r iv a t iv e s .  A f te r  c o n s id e r in g  s e v e ra l
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v a r ia t io n s  u p o n  th e  c o n d i t io n s  o f  th is  e q u a t io n ,  h e  c o n s id e r s  a  c o n t r o l le r  o f  th e  

fo rm ,

a n d  a p p r o x im a te s  b a s e d  u p o n  T a y lo r ’s e x p a n s io n ,  a s s u m in g  T 1, T 2, a n d  T 3 a re  

s m a l l ,  to  o b ta in  a  s e r ie s  o f  c o n d i t io n s  f o r  s ta b i l i ty . E s s e n t ia l ly  m a k in g  th e  

d e te r m in a t io n  th a t  a  s e r ie s  o f  c o n s ta n ts ,  m, n, a n d  p  h e r e ,  d e te r m in e  th e  in te n s i ty  

w h i le  th e  in te g r a l  p r o v id e s  th e  m o d e r a t io n  o f  c o n tro l .  T h e  l im ita t io n  w a s  “ th a t  a ll  

p o s s ib le  m e th o d s  o f  r u d d e r  c o n tr o l  d o  n o t  a c tu a l ly  a n t ic ip a te  th e  d i s tu r b in g  

a n g u la r  m o t io n ” ;36 th a t  is ,  t h e y  l a c k e d  a  d e r iv a t iv e  c o n tro l .

M in o r s k y  c o n t in u e d  to  r e f in e  th is  id e a ,  a n d  b y  1 9 3 0 , h e  h a d  d e v e lo p e d  a  

m e th o d  to  c o m b in e  th e  s ig n a ls  f ro m  th e  g y r o m e te r ,  g y r o c o m p a s s ,  a c c e le r a t io n ,  a n d  

r u d d e r  p o s i t io n  ( F ig u r e  1 0 ). T h e  tw o  g y ro s  w e r e  c o n n e c te d  to  m o to r s  t h a t  tu r n e d  

a c c o r d in g  to  th e  a n g u la r  p o s i t io n  o f  th e  s h ip  a n d  a n g u la r  v e lo c i ty  o f  th e  y a w  

( c o m p a s s  f o r  p o s i t io n ,  m e te r  f o r  v e lo c i ty ) .  T h e s e  tw in  s ig n a ls  c o m b in e d  to  a  

d i f f e r e n t ia l  g e a r  th a t  s e t  th e  p o te n t io m e te r  (1 ) . A c c e le r a t io n  c o n tr o l  w a s  lo o s e ly  

c o u p le d  w i th  g y r o m e te r  (6 )  a n d  tw o  b o o s te r  g e n e ra to r s  (8  a n d  8 ’). T h e  p o te n t ia l ,  o r  

a m o u n t ,  o f  b o o s t  w a s  s e t  b y  p o te n t io m e te r s  10  a n d  1 0 ’ . I n  a l l ,  M in o r s k y ’s 

c o n t r o l le r  e x h ib i te d  d e r iv a t iv e  a n d  p r o p o r t io n a l  c o n tr o l  b u t  w a s  n e v e r  a d o p te d  b y  

th e  m i l i t a r y .37
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F i g u r e  1 0 . R e d r a w n  M in o r s k y  C o n tr o l le r ,  c i r c a  1 9 3 0 37

2 .1 .3  E a r l y  A u t o p i l o t  E x a m p le s  a n d  T h e o r y

M e lv i l l e  J o n e s ,  th e  F r a n c is  M o n d  A e r o n a u t ic a l  E n g in e e r in g  P r o f e s s o r  o f

C a m b r id g e  U n iv e r s i ty  ( 1 9 1 9 - 1 9 5 2 ) ,  w r o te ,  “ I n  s p i t e .  o f  th e  c o m p le te n e s s  o f  th e  

e x p e r im e n ta l  a n d  th e o r e t ic a l  s t r u c t u r e .  i t  i s  u n d o u b te d ly  t r u e  t h a t .  c a lc u la t io n s  

[a re ]  v e r y  l i t t l e  u s e d  b y  a n y  b u t  a  f e w  r e s e a r c h  w o r k e r s .  I t  is  in  f a c t  r a r e  f o r  a n y o n e  

a c tu a l ly  e n g a g e d  u p o n  th e  d e s ig n  o f  a e r o p la n e s  to  m a k e  d i r e c t  u s e  o f  

c o m p u ta t io n s .”  A n  e x a m p le  o f  th is  l a c k  o f  th e o r e t ic a l  u n d e r s ta n d in g  is  f o u n d  in  

M a s o n ’s S ta b i lo g ,  F ig u r e  11 , w h ic h  w a s  e s s e n t ia l ly  a  p n e u m a t ic  v e r s io n  o f  a n  
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e le c tr o n ic  n e g a t iv e  f e e d b a c k  a m p l i f ie r .38 T h e  p r in c ip le  o f  o p e ra t io n  f o r  th is  d e v ic e  

w a s  to  c o n tr o l  th e  a m o u n t  o f  a i r f lo w  b y  h o w  f o r c e f u l ly  th e  a ir  w a n te d  to  e n te r  th e  

s y s te m . In  th e  c o m m o n  p a r la n c e  o f  i t s  t im e ,  th e  o u tp u t  c o n tr o l  s u p p l ie d  b y  th e  

r e l a y  v a lv e  is  r e g u la te d ,  o r  r e s e t ,  b y  d ia p h r a g m  m o to r  c o u n te r a c t in g  th e  c o n tro l .  

S p e c if ic a l ly ,  th e  w e ld e d  b e l lo w s  ( m a r k e d  3 9  a n d  5 3 )  l im i te d  th e  p r o p o r t io n  o f  th e  

g o v e r n o r  v a lv e  a c c o r d in g  to  th e  p r e s s u r e  in  th e  b e l lo w s .  T h u s ,  th e  e f f e c t  is  to  m a k e  

th e  a m o u n t  a n  o b je c t  is  in s t r u c te d  to  m o v e  b e  p r o p o r t io n a l  to  th e  e r r o r  a n d  in te g r a l  

o f  th e  e r ro r .  A  s c h e m a tic  i l lu s t r a t in g  th is  p r in c ip le  o f  th e  S ta b i lo g  is  a ls o  s h o w n  in  

F ig u r e  11. M e c h a n ic a l  d e v ic e s  s u c h  a s  th is ,  w h i le  v e r y  p o w e r f u l  f o r  t h e i r  t im e , 

w e r e  in e v i ta b ly  l im i t e d  in  t h e i r  a b i l i ty  to  q u ic k ly  r e s p o n d  to  r a p id ly  c h a n g in g  

s t im u li .  I n  th e  c a s e  o f  th e  b e l lo w s ,  t im e  w a s  r e q u i r e d  to  b u i ld  u p  th e  r e q u is i te  

p r e s s u r e  th a t  w a s  n e e d e d  to  p r o p e r ly  a d ju s t  to  th e  e r r o r  i n c u r r e d  b y  i t s  p r e s e n c e .
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F i g u r e  11 . ( a )  M a s o n ’s S ta b i lo g  S c h e m a t ic 39 (b )  I l lu s t r a t iv e  D ia g r a m  o f  th e
S ta b i lo g 40

A r o u n d  th e  s a m e  d e c a d e  a s  M a s o n ’s S ta b i lo g , G e r m a n  c o m p a n ie s  w e r e  

d e v e lo p in g  a u to p i lo t  s y s te m s , r e p r e s e n te d  in  F ig u r e  12 , in  a  s te a d y  m a r c h  to w a r d  

f a s te r  a n d  m o r e  a c c u r a te  r e s p o n s e  t im e s .  A s k a n ia  u t i l iz e d  i ts  e x p e r ie n c e  w i th  e a r ly  

a i r p la n e  in s t r u m e n ta t io n  ( a l t im e te r ,  m a g n e t ic  c o m p a s s ,  a i r s p e e d  in d ic a to r ,  e tc .)  to  

b u i ld  a  S ta b i lo g  s ty le  d e v ic e  w h ic h  h a d  p r o p o r t io n a l  f e e d b a c k  a n d  a n  a i r - o p e r a te d  

r e s e t ,  th e  r e s u l t  o f  w h ic h  w a s  n o t  to o  d i s s im i la r  f ro m  S p e r r y ’s a u to p i lo t .  A  f e w  

y e a r s  la te r ,  S ie m e n s ,  w h o  w a s  h o t  o f f  o f  a  s e r ie s  o f  r a d io - c o n t r o l  s u c c e s s e s ,  

c o n s id e r e d  d e v ic e s  t h a t  c o u p le d  f re e  g y r o s  a n d  c lu tc h - o p e r a te d  e le c tr ic
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s e rv o m o to r s .  T h e  tu r n  to w a r d  e le c tr ic i ty  w a s  l ik e ly  d r iv e n  b y  th e  r a p id  g r o w th  o f  

th e  in d u s t r y  w o r ld w id e ,  j u s t  a s  e m b e d d e d  c o m p u te r s  a re  a  d r iv in g  f o rc e  f o r  th is  

th e s is .  S ie m e n s ’ f in a l  d e s ig n  w a s  a n  e le c tr o h y d r a u l ic  s e rv o - u n i t  in c lu d in g  a  r a te  

g y ro  th a t  o f f e r e d  p r o p o r t io n a l  s ig n a l  to  th e  a n g u la r  v e lo c i ty  o f  th e  a i r p la n e  a n d  a n  

e le c tr ic a l  m o v in g - c o i l  t h a t  a c q u ir e d  h e a d in g  f ro m  a  m a g n e t ic  c o m p a s s .  F in a l ly ,  

b u i ld in g  u p o n  le s s o n s  l e a r n e d  f ro m  th e  tw o  p r e v io u s  s y s te m s , M o l le r  b u i l t  a  

c o m p le te  th r e e - a x is  c o n tr o l le r .  M o l le r  e v e n  e m p lo y e d  c le v e r  e le c t r o - k in e t ic  

t e c h n iq u e s  s u c h  a s  th e  p r o p o r t io n a l  g a in - c o n s ta n ts  c h a n g in g  a c c o r d in g  to  a  c o u p le d  

a i r s p e e d  p o te n t io m e te r - p ic k o f f ;  th e  s p e e d - l im it s  f o r  s a t i s f a c to r y  c o n tr o l  w e r e  

th u s ly  in c r e a s e d .40 O n e  c o re  a d v a n ta g e  o f  d e v e lo p in g  e le c t r ic a l - b a s e d  s y s te m s , 

s u c h  a s  M o l l e r ’s, w a s  s e rv o m e c h a n is m s .  B y  th e  e n d  o f  W W II  w h e n  a n t i - a i r c r a f t  

o p e ra to r s  w e r e  a t te m p t in g  to  u s e  r a d a r  to  d e te c t  a i r c r a f t ,  m e a s u r e  r a n g e ,  p r e d ic t  

p o s i t io n  c o m p a r e d  to  a  s h e l l ’s v e lo c i ty ,  th e n  a im  a n d  f i r e ,  a n y  m e a s u r e  o f  r a p id  

c o n tr o l  w o u ld  b e  h ig h ly  v a lu e d . T h e  c a p a c i ty  to  e le c t r ic a l ly  a c tu a te  c h a n g e  b a s e d  

u p o n  d e s i r e d  in p u ts  o p e n s  d o o r s  to  s y s te m s  th a t  c a n  r e a c t  q u ic k ly  to  a  w id e  v a r ie ty  

o f  in p u ts .
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F i g u r e  12 . G e r m a n  F l ig h t  C o n tr o l  S y s te m s : P n e u m a t ic  A s k a n ia  L Z  11 ( le f t) ,  
e le c t r o - h y d r a u l ic  S ie m e n s  ( c e n te r ) ,  a n d  e le c tr ic a l  M o l le r - P a t in  P K S  ( r ig h t ) 40

2 . 2  M o d e r n  a n d  D i g i t a l  M e c h a n i s m s

2 .2 .1  M o d e r n  A u t o p i l o t  E x a m p le s  a n d  T h e o r y

N y q u is t  a n d  K u p f m u l le r  w e r e  tw o  e a r ly  s c ie n t is ts  o f  in f o r m a t io n  in

te le c o m m u n ic a t io n s ,  p e r t in e n t  to  th e  s ta b i l i ty  p r o b le m  f o r  a  c i r c u i t  w i th  f e e d b a c k .41 

F i r s t ,  K u p f m u l le r  o f f e r e d  in s ig h ts  in to  th e  d y n a m ic s  o f  a n  e le c tr ic a l  f e e d b a c k  

s y s te m  u s in g  a n  in te g r a l  a p p ro a c h ,  b u t  w a s  o n ly  a b le  to  a s c e r ta in  a p p ro x im a t io n s
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a n d  d ia g r a m s ,  w h e n  th e  d e m a n d  w a s  f o r  r ig o r o u s  s ta b i l i ty . F a m o u s ly ,  N y q u is t ,  

w i th  th e  h e lp  o f  h is  c o l le a g u e  H a r o ld  B la c k ,  p u b l is h e d  a  f r e q u e n c y - d o m a in  

e n c i r c le m e n t  p r in c ip le  t h a t  d e m o n s t r a te d ,  u s in g  F o u r ie r  t r a n s fo r m s ,  th e  k e y  to  

s ta b i l i ty  w a s  th e  lo c u s  o f  th e  o p e n  lo o p  f r e q u e n c y  r e s p o n s e .42 T h e  s ig n i f ic a n t  v a lu e  

o f  th e  N y q u i s t  P lo ts ,  F ig u r e  13 , is  th e  la c k  o f  m a th e m a t ic a l  r ig o r  r e q u i r e d  to  

im p le m e n t  th is  a p p ro a c h ;  in s te a d  a  s e r ie s  o f  m e a s u r e d  d a ta  p o in ts  c a n  b e  u s e d  to  

a s s e s s  th e  t r a n s ie n t  r e s p o n s e  d i r e c t ly  in  t e r m s  o f  g a in s  a n d  p h a s e  m a r g in s .  I t  s h o u ld  

b e  n o te d  th a t  H e n d r ik  B o d e  to o k  th o s e  p lo ts  a n d  r e d r e w  th e m  l in e a r ly  a lo n g  th e  

lo g - lo g  a x e s ,  r e s u l t in g  in  e v e n  m o r e  t r a n s la ta b le  m o d e ls  f o r  e n g in e e r s .43

T h e  c h i e f  in i t ia l  r e s u l t  o f  th is  r e s e a r c h  w a s  th e  n e g a t iv e  f e e d b a c k  lo o p  i ts e lf ,  

f u l ly  d e ta i le d  f ro m  th e  o r ig in a l  B e l l  L a b s  1 9 3 4  r e p o r t  in  F ig u r e  14 . H a r o ld  B l a c k ’s 

c o n c e p t  w a s  to  d e l iv e r  th e  o u tp u t  b a c k  to  th e  a m p l i f ie r  in  r e v e r s e  p h a s e — to  d e te r  

o s c i l la t io n . H is  p u r p o s e ,  a n d  th e  r e s u l t ,  w a s  to  e x te n d  th e  r a n g e  o f  

t e le c o m m u n ic a t io n s  s ig n a ls  a n d  th e r e b y  g r e a t ly  im p r o v e  w a r t im e  e m e r g e n c y  

r e s p o n s e  e le c tr ic a l  s ig n a l  r a n g e ,  p a r t ic u la r ly  in  th e  t r a n s c o n t in e n ta l  t e le p h o n e  l in e . 

T h e  k e y  to  h is  in v e n t io n  w a s  to  c e a s e  a t te m p t in g  to  s to p  a ll  d i s to r t io n  o n  th e  l in e , 

b u t  in s te a d  to  r e d u c e  i t  a t  th e  o u tp u t  o f  th e  a m p l i f ie r .44 T h a t  i s ,  h e  f o l lo w e d  a  m o re  

r o b u s t  l in e  o f  r e a s o n in g  w h ic h  is  e s s e n t ia l  to  m o d e r n  a u to p i lo ts :  a c c e p t  a  m e a s u r e  

o f  p e r tu r b a t io n s  b u t  f o c u s  o n  p r a c t ic a l ly  c o n tr o l l in g  th e m  to w a r d  th e  d e s i r e d  g o a l.
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F i g u r e  1 3 . N ic h o ls  C h a r t45

F i g u r e  14 . B l a c k ’s A m p l i f ie r  s y s te m  w i th  f e e d b a c k 46
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2 .2 .2  S t a t e - S p a c e  a n d  P r o g r a m m a b l e  L o g ic  C o n t r o l l e r s

T h e  c o n t in u e d  f o c u s  o n  p e r tu r b a t io n  c o n tro l  l e d  to  th e  1 9 5 0 s  e r a  m a t r ix

m o d e ls  o f  c o n tr o l  d y n a m ic s ,  

x  =  A x  +  By.

y  =  c x ,  (4 )

w h e r e  x ( t )  is  a  v e c to r  o f  s y s te m  s ta te s ,  o r  in te r n a l  v a r ia b le s ,  ^ ( t )  is  a  v e c to r  o f  

c o n tr o l  in p u ts ,  a n d  y ( t )  is  a  v e c to r  o f  m e a s u r e d  o u tp u ts .  O f  c o u r s e ,  i t  i s  p o s s ib le  to  

a d d  te r m s  f o r  n o is e ,  b u t  th is  f i r s t - o r d e r  v e c to r  d i f f e r e n t ia l  e q u a t io n  c a n  e a s i ly  

m o d e l  a  m u l t i - in p u t  m u l t i - o u tp u t  ( M I M O )  s y s te m  a s  o p p o s e d  to  th e  m o re  c la s s ic a l  

th e o r y  w h ic h  w a s  f o c u s e d  o n  s in g le  in p u ts  (e .g . t e le c o m m u n ic a t io n s ) .  B y  a d d in g  

th e  fo rm ,

U =  —K x , (5 )

i t  i s  a d d i t io n a l ly  p o s s ib le  to  in t r o d u c e  f e e d b a c k  c o n tr o l  w i th  c lo s e d - lo o p  

p r o p e r t ie s .  W h e re  K  is  a n o th e r  m a t r ix  w h o s e  in d iv id u a l  e le m e n ts  a re  c o n tr o l  g a in s  

in  th e  s y s te m . O f te n ,  th is  is  c a l le d  s ta te -v a r ia b le  f e e d b a c k .  M u c h  o f  th e s e  e s s e n t ia l  

e a r ly  s te p s ,  w h ic h  a re  s u i ta b le  f o r  P L C s  a n d  m ic r o p r o c e s s o r s  to o k  p la c e  a t  a  s e r ie s  

o f  in te r n a t io n a l  c o n f e r e n c e s  a n d  p r o f e s s io n a l  b o d ie s  o f  th e  la te  1 9 4 0 s  a n d  5 0 s .47

D ig i ta l  t e c h n o lo g y  in  th e  la te  1 9 5 0 s  m a d e  f o r  t r e m e n d o u s  c h a n g e s  to  c o n tro l  

th e o r y .  B y  1 9 6 0 , d ig i ta l  c o m p u te r s  h a d  b e g u n  to  p r o c e s s  c o n tr o l  a t  a  s u p e rv is o ry  

le v e l ,  in  th a t  th e  p r im a r y  lo o p s  w e r e  s ti l l  c o n v e n t io n a l  p n e u m a t ic ,  h y d r a u l ic ,  a n d
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e le c tr ic  c o n tr o l le r s  b u t  w e r e  m o n i to r e d  a n d  o p t im iz e d  b y  a  c o m p u te r .48 O f te n  th e s e  

s y s te m s  w e r e  a  p r o g r a m m a b le  lo g ic  c o n t r o l le r  (P L C )  d e v e lo p e d  to  r e p la c e  

in d iv id u a l  r e la y s  u s e d  f o r  c o m b in a t io n a l  lo g ic  in  v a r io u s  in d u s t r ie s .49 P L C s  c o u p le  

w i th  s ta te - s p a c e  d r iv e n  c o n tr o l  th e o r y  a s  th e y  p r o v id e  a d a p t iv e  c o n tro l .  F o r  

e x a m p le ,  g a in  s c h e d u l in g ,  w h e r e  th e  g a in  o f  a  c o n t r o l le r  i s  s e t  b y  s o m e  a c q u ir e d  

p a r a m e te r ,  p r e d a te s  P L C s  f o r  f l ig h t  c o n tro l .  T h e  a l t i tu d e  o f  a n  a i r c r a f t  a f f e c ts  i ts  

R e y n o ld s  n u m b e r ,  p a r t i c u la r ly  w i th  j e t s  o r  o th e r  h ig h - f ly in g  a i r c r a f t ,  e rg o  th e  g a in  

m u s t  c h a n g e  w i th  f l ig h t  c o n d it io n s .  P L C s  a n d  la te r  m ic r o p r o c e s s o r s  a l lo t te d  

p r o g r a m m e d  r e s p o n s e s  to  a l t im e te r  a n d  p i to t  tu b e  in p u ts  o f  a  g iv e n  s y s te m , a n d  

th e r e b y  c r e a te d  m o d e r n  d ig i ta l  a d a p t iv e  c o n tro l  m e c h a n is m s .

2 .2 .3  D u b i n s  C u r v e s  -  P l a n n i n g  A l g o r i t h m s

A  c ru c ia l  t a n g e n t ia l  t e c h n o lo g y  to  th e  c o re  d ig i ta l  c o n tr o l  th e o r y

im p le m e n te d  in  th is  th e s i s  w a s  a  p a p e r  w r i t t e n  p r im a r i ly  f ro m  g e o m e tr ic a l  

a rg u m e n ts ,  b y  L e s te r  D u b in s ,  w h ic h  b i r th e d  th e  c o n c e p t  o f  D u b in s  P a th .50 G iv e n  

s o m e  c o n s tr a in t s  s u c h  a s  c o n s ta n t  f o r w a r d  s p e e d , m a x im u m  s te e r in g  a n g le ,  a n d  

m in im u m  tu r n in g  r a d iu s ,  D u b in s ’ t a s k  w a s  to  a r r iv e  a t  th e  s h o r te s t  p a th  b e tw e e n  

tw o  p o in ts .  I f  th e  m in im u m  tu r n in g  r a d iu s  is  z e ro ,  th e n  th e  o p t im a l  p a th  in  

E u c l id ia n  s p a c e  s im p l i f ie s  to

L ( q , u )  =  J QtF ^ x ( t ) 2 + y ( t ) 2 d t ,  (6 )
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w h e r e  t F is  th e  t im e  a t  w h ic h  th e  f in a l  p o in t  is  r e a c h e d ,  a  g iv e n  c o n d i t io n  is  

d e n o te d  a s  q  =  ( x , y ,  6 ) ,  a n d  u  is  th e  tu r n  r a te  c o n tro l .  H o w e v e r ,  th is  s y s te m  c a n  

b e  s im p l i f ie d  b y  c o n s ta n t  s p e e d  V to  th e  k in e m a t ic  m o d e l ,  

x  =  V c o s ( 6 )  

y  =  V s i n ( 6 )

B =  u ,  (7 )

w h e r e  ( x , y )  is  th e  v e h ic l e ’s p o s i t io n  a n d  0  is  th e  h e a d in g .  D u b in s  e s s e n t ia l ly  

a rg u e s  th r o u g h  a  s e r ie s  o f  g e o d e s ic  g e o m e tr ic  p r o o f s  a n d  a n  in c r e a s in g  a r r a y  o f  

c i r c u la r  p a th s — b u i ld in g  u p  to  f o u r  a rc s  in  o n e  o f  h i s  l a t e r  p r o o f s ,  F ig u r e  15— th a t  

th e  s h o r te s t  p a th  b e tw e e n  tw o  p o in ts  c a n  a lw a y s  b e  e x p r e s s e d  a s  a  c o m b in a t io n  o f  

n o  m o r e  th a n  th r e e  p r im it iv e s  o f  m o tio n :  s t r a ig h t  S , l e f t  L , r ig h t  R . A s  a  p o in t  o f  

c la r i ty ,  u  is  b o u n d e d  a n d  L  a n d  R  e x is t  w h e n  u  is  h e ld  c o n s ta n t  a t  e i th e r  b o u n d .  H e  

th e n  s im p l i f ie s  th e  o p t im a l  p o s s ib i l i t i e s  d o w n  to  s ix  f ro m  p a th s  o f  l e n g th  3:

{LR L, R L R , L SL , L S R , R S L , R S R } . (8 )

T h e  s h o r te s t  p a th  c a n  th e r e f o r e  a lw a y s  b e  c a te g o r iz e d  b y  o n e  o f  th e s e  w o r d s ,  

tw o  o f  w h ic h  a re  s h o w n  in  F ig u r e  16 . D u b in s  a ls o  p r e s e n ts  a  m o r e  c o m p r e s s e d  

f o rm  o f  th e  p o s s ib le  p a th s  b y  d e n o t in g  C to  m e a n  c u rv e  a n d  th u s ly  r e d u c e s  th e  

e f f e c t iv e  n u m b e r  o f  p o s s ib i l i t i e s  to  tw o :

{C C C , C SC }. (9 )
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B y  m a k in g  th e  a l lo w a n c e  f o r  th e  ‘s t r a ig h t ’ p a th  to  b e  z e ro ,  f u r th e r  

s im p l i f ic a t io n  o f  e q u a t io n s  8 a n d  9 is  p o s s ib le  b y  r e m o v in g  th e  c u rv e  o n ly  p a th s .  

E q u a t io n  8 r e d u c e s  to  f o u r ,  a n d  9 to  j u s t  o n e  o r  C S C . H o w e v e r ,  in  p r a c t ic e  f o r  th is  

th e s i s ,  e a c h  o f  th e  f o u r  w o r d s  in  e q u a t io n  8 is  te s te d ,  th e n  th e  s h o r te s t  p a th  a m o n g  

th e m  is  c h o s e n  a n d  f o l lo w e d .

F i g u r e  15 . A  p a th  o f  ty p e  C C C C  u s e d  b y  L e s te r  D u b in s  to  p r o v e  h is  g e o d e s ic
th e o r y 50

F i g u r e  1 6 . E x a m p le  o f  tw o  D u b in s  P a th s :  R S L  ( le f t)  a n d  R L R  ( r ig h t ) 51
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2 . 3  C o n t e m p o r a r y  I n s i g h t s

B y  2 0 0 2  c o m p u te r s  h a d  a d v a n c e d  a n d  m in ia tu r iz e d  th e  s c ie n c e  o f  P L C s  to  

p r o p e l  c o n tr o l  th e o r y  to w a r d  th e  p r e s e n t  a g e . D A R P A  u n v e i l e d  a  G r a n d  C h a l le n g e  

to  t e s t  th e  l im its  o f  a u to n o m o u s  c o n tr o l  b y  h a v in g  v e h ic le s  n a v ig a te  a  1 5 0 -m ile  

c o u rs e .  A  f e w  y e a r s  la te r ,  in  2 0 0 7 ,  th e  U A V  O u tb a c k  C h a l le n g e  w a s  d e v is e d  to  

p r o m o te  a n d  t e s t  th e  v ia b i l i ty  o f  u n m a n n e d  a ir c ra f t .  A  w o r ld w id e  e r u p t io n  o f  

r e s e a r c h  is  u n d e rw a y ,  a n d  a s  s u c h , th e  e n o rm i ty  o f  p r e s e n t  r e le v a n t  r e s e a r c h  is  to o  

v a s t  to  b e  c o n ta in e d  h e re in .  T h e r e f o r e ,  a  f r a c t io n  o f  k e y  w o r k s  im m in e n t ly  

p r e c e d in g  a n d  o f  ta n g e n t ia l  v a lu e  to  th is  th e s i s  a re  d e s c r ib e d .

2 .3 .1  F e a s ib i l i t y  o f  E m p lo y i n g  a  S m a r t p h o n e  a s  t h e  P a y l o a d  in  a  
P h o t o g r a m m e t r i c  U A V  S y s t e m 52

K im , e t  a l ,  d iv e  in to  th e  p o s s ib i l i t i e s  f o r  s m a r tp h o n e s  a s  a  p a y lo a d  a n d , b y  

e x te n s io n ,  w h a t  c a n  b e  a c h ie v e d  w i th  t h a t  s y s te m . S m a r tp h o n e s  c a n  b e  o p e r a te d  o n  

th e  n a t io n a l  L T E  a n d  3 G  n e tw o rk s ,  a n d  th e y  c o s t  s ig n i f ic a n t ly  le s s  w h e n  c o m p a r e d  

to  a  s im i la r  p a y lo a d  s e t  o f  s e n s o r s .  In  a  l in k e d  s tu d y  to  d e v e lo p  a  m a p p in g  s y s te m  

b e s id e s  th e  L I D A R  a t  ‘lo w  c o s t ’ , th e  to ta l  c o s t  o f  o n b o a r d  s e n s o r s  w h ic h  th e  

s m a r tp h o n e  c o u ld  th e o r e t ic a l ly  r e p la c e — a lb e i t  w i th  a  d r o p - in  a c c u r a c y — w a s  o v e r  

$ 2 5 ,0 0 0 .53 T h is  s tu d y  c o l la te s  a  s u i te  o f  f e a s ib i l i ty  f in d in g s  in to  th e  c a p a c i ty  o f  a  

s m a r tp h o n e  to  c o r r e c t ly  a c q u ir e  im a g e s ,  r e d u c e  le n s  d is to r t io n ,  in te g r a te  3 D  

p o s i t io n ,  a l t i tu d e ,  a n d  o r ie n ta t io n  d a ta ,  a s  w e l l  a s  d e v e lo p  e le v a t io n  m o d e ls .
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T o  t e s t  th e  v ia b i l i ty  o f  u s in g  a  s m a r tp h o n e  to  o r c h e s t r a te  th e  p h o to g r a p h ic  

d a ta  c o l le c t io n ,  a  s y s te m  o f  th r e e  s m a r tp h o n e s  w a s  u s e d  to  c o m m u n ic a te  v ia  S M S  

a n d  in te r n e t  p r o to c o ls  to  a  b a c k e n d  c lo u d  s to r a g e  a n d  a  g r o u n d  c o n tr o l  s ta t io n , a s  

s h o w n  in  F ig u r e  17. I n  a ll ,  th e  s y s te m  w a s  r e m o te ly  c o n t r o l le d  v ia  S M S  th e n  a  

la p to p  c o u ld  m o n i to r ,  w i th  m in im a l  la g ,  th e  r e s u l ts  o f  d a ta  g a th e r e d  a n d  s e n t  to  a 

w e b  s e rv e r  b y  th e  c o m m a n d e d  a ir c ra f t .  A  l im i ta t io n  o f  c o n c e r n  in  th is  t e s t  w a s  th e  

r e l ia b i l i ty  o f  th e  s m a r tp h o n e ’s G P S , so  a n  a u x i l ia r y  b a c k u p  w a s  in c lu d e d  to  e n s u re  

c o n s is te n t  r e s u l ts .

F i g u r e  17 . D ia g r a m  o f  d a ta  f lo w  f o r  s m a r tp h o n e - p a y lo a d  p h o to g r a m m e tr ic  U A V
s y s te m 52

T h e  r e s u l t s  c o n f i r m e d  th e  e x p e c ta t io n s .  K im , e t  a l, w e r e  a b le  to  g e o fe n c e  

a u to n o m o u s  p ic tu r e  c a p tu r e  b y  e s ta b l is h in g  la t i tu d e  a n d  lo n g i tu d e  w a y p o in ts  

w i th in  w h ic h  th e  s m a r tp h o n e  c o l le c te d  im a g e s .  T h e s e  im a g e s  w e r e  th e n  o v e r la id
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o n  G o o g le  M a p s ,  w i th in  a n  a p p  o n  th e  s m a r tp h o n e  i ts e l f ,  a s  th u m b n a i ls .  

A d d i t io n a l ly ,  th e y  w e r e  a b le  to  e x t r a c t  m a c r o  f e a tu re s  s u c h  a s  e le v a t io n  d a ta  f ro m  

th e i r  d y n a m ic  t e s t s  w i th  a  s e r ie s  o f  im a g e s  w i th  s ig n i f ic a n t  o v e r la p .  A n  e x a m p le  o f  

th is  d a ta  is  s h o w n  in  F ig u r e  18 a n d  h in ts  a t  th e  im m e n s e  a c c u r a c y  w h ic h  is  p o s s ib le  

w i th  j u s t  th e  o f f - th e - s h e l f  s y s te m s  o n  a  n o m in a l  s m a r tp h o n e . T h e y  d id , h o w e v e r ,  

f in d  th a t  th e  s m a r tp h o n e ’s lo w - c o s t  s e n s o r s  r e s u l te d  in  a c c u r a c y  o f  a r o u n d  1 0 m  

w i th  s o m e  v ib r a t io n  s u s c e p t ib i l i ty .  T h e  c a p a c i ty  to  o p e ra te  e v e n  w h i le  in  

t e l e m e t r i c a l ly  d a r k  s c e n a r io s  w a s  a d d i t io n a l ly  la u d e d . A n d  m o s t  o f  a ll , th e y  n o te d  

th a t  s in c e  s m a r tp h o n e s  c a n  c o n n e c t  w i th  e x te r io r  a c c e s s o r ie s ,  “ a u to n o m o u s  f l ig h t  

u s in g  s m a r tp h o n e s  is  e x p e c te d  to  b e  a v a i la b le  in  th e  f u tu r e .” 52

F i g u r e  18 . O r th o g ra p h ic  a n d  d ig i ta l  e le v a t io n  m o d e l  d a ta  f ro m  o n b o a r d  S a m s u n g
G a la x y 52
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2 .3 .2  A  B l u e p r i n t  f o r  a  F i x e d - W i n g  A u t o p i l o t  o n  a n  A n d r o i d  S m a r t p h o n e 54

T h is  p a p e r  is  p r im a r i ly  a n  e x p lo r a t io n  o f  p o s s ib i l i ty .  T h e  a u th o r s  J o s e p h

T a b a r r a c c i  a n d  P a t r ic k  C u r r ie r  n o te  th a t  “ th e  n e w e s t  f r o n t ie r  in  th e  d e v e lo p m e n t  o f  

c h e a p e r ,  u n m a n n e d  s y s te m s ,  m a y  c u r r e n t ly  b e  tu c k e d  a w a y  in  th e  p o c k e ts  o f  

m i l l io n s  o f  p e o p le .” 54 In  o r d e r  to  p r o p e r ly  c o u c h  th e  p o te n t ia l  o f  s m a r tp h o n e s  a s  

th e  b r a in s  o f  a n  a u to p i lo t ,  th e  a u th o r s  u n d e r g o  a  s e r ie s  o f  d i r e c t  c o m p a r is o n s  w i th  

o th e r  o f f - th e - s h e l f  o r  o p e n - s o u r c e  s o lu t io n s  s u c h  a s  th e  P a p a r a z z i  a u to p i lo t .55 

W h e n  b r e a k in g  d o w n  th e  in d iv id u a l  s e n s o r s  b e tw e e n  a  N e x u s  a n d  a  s ta n d a r d  

P a p a ra z z i  s y s te m  th e y  f in d  th a t  th e  to le r a n c e s  a n d  p r e c i s io n  o f  th e  G P S , 

a c c e le r o m e te r ,  g y r o s c o p e ,  m a g n e to m e te r ,  a n d  b a r o m e te r  a re  w i th in  s p e c i f ic a t io n s ,  

th o u g h  th e y  d o  n o te  t h a t  th e  r e f r e s h  r a te  o f  th e  G P S  is  th e  m o s t  s ig n i f ic a n t  

d i f f e r e n t ia to r  a n d  m a y  n e e d  a u g m e n ta t io n .

T o  s o lv e  th e  p r im a r y  l im i ta t io n  o f  s e rv o  c o m m a n d  r e la y s ,  th e  a u th o r s  

r e c o m m e n d  c o n n e c t in g  th e  s m a r tp h o n e  to  a  I O I O  ( p r o n o u n c e d  “y o -y o  ”) w h ic h  is  a  

G o o g le - e m p lo y e e  d r iv e n  p r o d u c t  t h a t  is  d e s ig n e d  to  in te r f a c e  e x te r n a l  d e v ic e s  

s e a m le s s ly  to  th e  A n d r o id  m a r k e tp la c e .56 T h e y  a ls o  a l lo w  f o r  a  c a v e a t  o f  a i r s p e e d  

a n d  g r o u n d  c o n tr o l  s y s te m  (G C S )  in te r f a c e s  w h ic h  m a y  b e  a  r e q u i r e m e n t  g iv e n  th e  

c o n c e p t  o f  o p e r a t io n s  f o r  th e  s u p p o s e d  d ro n e . T h e i r  p o te n t ia l  s y s te m  a rc h i te c tu r e  is  

s h o w n  in  F ig u r e  19.
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T h o u g h  th e y  c o n c lu d e  th a t  th is  is  a  h ig h ly  p r o b a b le  a n d  p u r s u a b le  s te p p in g  

s to n e  f o r  th e  s m a r tp h o n e  e c o s y s te m , th e y  ta k e  n o te  o f  c h a l le n g e s :  lo s s  o f  o r  

d e g r a d a t io n  o f  G P S , lo s s  o f  l in k ,  a n d  p r o c e s s  s c h e d u l in g . G P S  d e g r a d a t io n  c o u ld  

r e s u l t  in  s ig n i f ic a n t ly  v a r y in g  in te n t io n  to  m is s io n ,  a n d  th e  l in k  d i s c o n n e c t  w o u ld  

p o te n t ia l ly  c a u s e  a  lo s t  d ro n e . P e r h a p s  m o s t  im p o r ta n t ly ,  th e y  n o te  th a t  la c k  o f  a  

r e a l - t im e  o p e r a t in g  s y s te m  o n  m o d e r n  s m a r tp h o n e s  h a s  th e  p o te n t ia l  f o r  u n r e l ia b le  

a u to p i lo t  d y n a m ic s .  In  th e  e n d , h o w e v e r ,  th e y  s e e m  c o n f id e n t  th a t  a  s m a r tp h o n e  

a u to p i lo t  i s  o n  th e  h o r iz o n .

F i g u r e  19 . T a b a r r a c c i  p r o p o s e d  s m a r tp h o n e  a u to p i lo t  s y s te m  a r c h i te c tu r e 54
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2 .3 .3  S t a b i l i z a t i o n  a n d  C o n t r o l  o f  Q u a d r o t o r  H e l i c o p t e r  U s in g  a  S m a r t p h o n e  
D e v ic e 57

D e s a i ,  L e e ,  e t  a l, a t  B r ig h a m  Y o u n g  U n iv e r s i ty  p r o p o s e  u t i l iz in g  a  

s m a r tp h o n e  a s  th e  s o le  d e v ic e  f o r  a  q u a d c o p te r  a u to p i lo t .  S p e c if ic a l ly ,  th e  a u th o r s  

lo o k  to  o p t im iz e  th e  im m e n s e  c o m p u ta t io n a l  p o te n t ia l  to  n o t  o n ly  c o m m a n d  th e  

n e c e s s a r y  s e rv o s  b u t  a ls o  c o g i ta te  v i s io n  d e te c t io n  a lg o r i th m s  to  d e te r m in e  th e i r  

p o s i t io n  in  r e a l  t im e . T h e  a u th o r s  u s e  p u ls e - w id th  m o d u la t io n  (P W M )  s ig n a ls  v i a  a  

I O I O  to  c o m m a n d  th e  s e rv o m o to r s  a lo n g s id e  v i s io n  a lg o r i th m s  s u c h  a s  H a r r i s  

f e a tu r e  d e te c to r  a n d  R A N S A C  s im i la r i ty - c o n s t r a in e d  h o m o g ra p h y .

B y  c o lo r - c o d in g  th e  e d g e s  o f  th e  q u a d c o p te r ,  th e y  c r e a te d  a  v i s io n  d e te c t io n  

c o n d i t io n  w h e r e b y  th e  s m a r tp h o n e  c o u ld  a c c u r a te ly  d e te r m in e  i ts  o r ie n ta t io n  in  3 D  

s p a c e . H o w e v e r ,  d u e  to  th e  r e a l i t ie s  o f  a p p l ie d  v i s io n  s y s te m s , in t r o d u c e d  n o is e  c a n  

o f te n  d e ra i l  th e  s y s te m . T o  c o m b a t  th is  a n d  im p r o v e  th e  r o b u s tn e s s  o f  th e  p la t f o r m  

a n  E x te n d e d  K a lm a n  F i l t e r  ( E K F )  w a s  im p le m e n te d .  A n  E K F  e s s e n t ia l ly  l in e a r iz e s  

u s in g  a  s to c h a s t ic  e s t im a te  o f  th e  d a ta  f ro m  a  n o n - l in e a r  r e a l i ty .58 T h is  w a s  d o n e  in  

a  lo o p  in  c o n c e r t  w i th  a  d e r iv a t io n  o u t l i e r  r e je c t ,  a n d  th e  r e s u l t  w a s  th e  m o d e l ’s 

a b i l i ty  to  p r o p e r ly  e s t im a te  th e  c e n te r  o f  m a s s .

T h e  o n b o a r d  p r o c e s s in g  p r o v e d  s u c c e s s fu l ,  a n d  th e  a u th o r s  w e r e  a b le  to  

s ta b i l iz e  a  q u a d c o p te r  u s in g  th e  v i s io n  a n d  c o m p u t in g  c a p a c i ty  o f  a  s m a r tp h o n e . 

S o m e d a y , th e y  w o u ld  h o p e  to  e x te n d  th e s e  e s s e n t ia l  f e a tu r e s  b e y o n d  th e  la b o r a to r y  

a n d  in to  o u td o o r  e n v ir o n m e n ts .
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C h a p t e r  3 :  T e c h n i c a l  D e t a i l s  a n d  U G V

B e f o r e  th e  p r o je c t  c o u ld  f ly , i t  h a d  to  d r iv e . T h e  f i r s t  s ta g e  to w a r d  

d e v e lo p in g  a n  u n m a n n e d  g r o u n d  v e h ic le  ( U G V )  is  b u i ld in g  a n d  v e r i f y in g  th e  

f u s io n  a lg o r i th m . T h e  f u s io n  a lg o r i th m  is  a  c o l le c t iv e  te r m  r e f e r r in g  to  th e  

m e th o d o lo g y  th a t  c o l le c ts  a n d  in te g r a te s  th e  d a ta  f ro m  s e n s o r s ,  th e n  c o m b in e s  th a t  

in f o r m a t io n  in to  a  c o n te x t  th a t  c a n  b e  u t i l iz e d  to  e s ta b l is h  a  p r e d ic t iv e  f r a m e w o r k  

o f  v e lo c i ty  a n d  p o s i t io n .  T h e  c o re  a s p e c t  o f  th e  f u s io n  a lg o r i th m  f o r  th is  th e s is  w a s  

b a s e d  u p o n  a  p r o p o r t io n a l - in te g r a l - d e r iv a t iv e  (P ID )  c o n tro l le r .

3 .1  T y p i c a l  P I D

In  a  m a c r o  s e n s e ,  th e r e  a re  tw o  m a in  ty p e s  o f  c o n tr o l  s y s te m s :  o p e n  lo o p  a n d  

c lo s e d  lo o p . T h e  o p e n  s y s te m  is  d e p e n d e n t  d i r e c t ly  o n  th e  in p u ts .  A s  a  s im p le  

e x a m p le ,  a n  o p e r a to r  c a n  tu r n  a  v a r i a b le  r e s i s to r  to  a l te r  th e  lo a d  o n  a  m o to r  w h ic h  

w i l l  c h a n g e  i ts  s p e e d . H o w e v e r ,  th e  o p e r a to r  h a s  n o  k n o w le d g e  o f  th e  s p e e d  

c h a n g e  in d u c e d  in  th e  m o to r  b y  th e  n e w  lo a d s ,  so  th e r e f o r e  n o  f e e d b a c k  is  p r e s e n t  

to  in f lu e n c e  th e  o u tc o m e . C o r r e s p o n d in g ly ,  a  c lo s e d  lo o p  s y s te m  in tr o d u c e s  a  c y c le  

o f  in f o r m a t io n  w h e r e b y  th e  o p e r a to r  is  in f o r m e d  o f  th e  c h a n g e s  in d u c e d  b y  th e
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n e w  lo a d s  a n d  c a n  a d ju s t  a c c o r d in g ly .  T h is  f e e d b a c k  lo o p  c a n  e x is t  in  a  d iv e r s i ty  

o f  f o rm s  a n d  a  P I D  f a l ls  w i th in  th is  c a te g o ry .

F ig u r e  2 0  s h o w s  a  b lo c k  d ia g r a m  o f  th e  g e n e r ic  P I D  c o n tr o l  s y s te m . A  P I D  

a t te m p ts  to  th e  e l im in a te  th e  d i f f e r e n c e  b e tw e e n  th e  d e s i r e d  v a lu e  o f  a  p a r a m e te r  

a n d  i ts  m e a s u r e d  v a lu e .  T h e  th r e e  m e c h a n is m s  o f  th e  P I D  c o n tr o l le r  a re  d e s c r ib e d  

b e lo w :

•  p r o p o r t i o n a l — T h is  te r m  is  a  l in e a r  r e s p o n s e  b a s e d  o n  th e  p a r a m e te r  

e r r o r ,  c e n te r e d  a t  z e ro .

•  i n te g r a l— O f te n  th e  s y s te m  w i l l  r e q u i r e  a  n o n - z e r o  r e s p o n s e  to  

m a in ta in  e q u il ib r iu m . T h is  te r m  is  a n  a c c u m u la t io n  o f  th e  p r o p o r t io n a l  

e r r o r  o v e r  t im e ,  w h ic h  w i l l  r e m a in  p r e s e n t  e v e n  a f te r  th e  e r r o r  is  

e l im in a te d .

•  d e r iv a t iv e — T h is  s y s te m  is  s im i la r  to  th e  p r o p o r t io n a l  te r m , b u t  

in s te a d  p r o v id e s  a  l in e a r  r e s p o n s e  to  th e  t im e - d e r iv a t iv e  o f  th e  

p a r a m e te r  e r ro r ,  c e n te r e d  a t  z e ro .

A l l  th r e e  o f  th e s e  te r m s  a re  n o t  n e c e s s a r i ly  u s e d  f o r  e a c h  c o n tr o l le r .  S o m e  

c o n tr o l le r s  u t i l iz e d  o n ly  th e  p r o p o r t io n a l  a n d  in te g r a l  t e r m s  (P I )  o r  o n ly  th e  

p r o p o r t io n a l  a n d  d e r iv a t iv e  te r m s  (P D ) . F o r  e x a m p le ,  c o m m a n d  r o l l  a n g le  u s in g  

a i le ro n s  w a s  a  fu ll  P ID , b u t  c o m m a n d  p i tc h  a n g le  u s in g  e le v a to r  w a s  o n ly  P D  a n d  

th e  c o m m a n d  a i r s p e e d  u s in g  th r o t t l e  w a s  o n ly  P I .
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F i g u r e  2 0 . P I D  b lo c k  d ia g ra m  

In  g e n e ra l ,  l a r g e r  m a g n i tu d e s  o f  th e  c o n s ta n t  t e r m s  ( o f te n  r e f e r r e d  to  a s  

g a in s )  w o u ld  le a d  to  f a s t e r  s y s te m  r e s p o n s e s ,  b u t  a ls o  l a r g e r  o v e r s h o o ts  a n d  

s e t t l in g  t im e s .  R a th e r  th a n  a t te m p t  to  p r e d ic t  th e  a p p r o p r ia te  g a in s  f o r  e a c h  

c o n t r o l le r  u s in g  a  s y s te m  m o d e l ,  th e  g a in s  w e r e  d e v e lo p e d  th r o u g h  e x te n s iv e  

v e h ic le  te s t in g .  T h e  e s s e n t ia l  s t r a te g y  w a s  to  in c r e a s e  e a c h  g a in  o n e  a t  a  t im e  u n t i l  

th e  v e h ic le  b e g a n  to  e x h ib i t  u n d e s ir a b le  t r a i ts .  B y  p r o g r e s s in g  th r o u g h  e a c h  

c o n t r o l le r  s e p a r a te ly ,  i t  w a s  p o s s ib le  to  id e n t i f y  th e  e f f e c ts  o f  a l te r in g  a  s in g le  g a in . 

T h is  p r o v e d  to  b e  m o r e  e f f e c t iv e  th a n  th e  s y s te m  m o d e l in g  a p p ro a c h ,  a s  th e  

m o d e ls  c r e a te d  w e r e  n e v e r  a c c u r a te  e n o u g h  to  s u f f ic ie n t ly  p r e d ic t  th e  c o n tr o l le r  

g a in s . H o w e v e r ,  f u tu r e  w o r k  c o u ld  u t i l iz e  a d a p t iv e  c o n tr o l  t e c h n iq u e s  to  e l im in a te  

o r  r e d u c e  th e  la r g e  te s t in g  p h a s e  r e q u i r e d  to  id e n t i f y  id e a l  P I D  p a ra m e te r s .
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3 . 2  P r i m a r y  F u s i o n  L o g i c

O n c e  th e  v e h ic le  h a d  b e e n  la u n c h e d ,  th e r e  w a s  a  s in g le  lo o p  w h ic h  

c o n tr o l le d  a ll  a u to p i lo t  f u n c t io n s ,  e a c h  o f  w h ic h  o c c u r r e d  a t  a  s p e c i f ie d  in te rv a l .  

T h e  p s e u d o c o d e  f o r  th is  lo o p  is  s h o w n  in  F ig u r e  2 1 ;  b a s e d  u p o n  w o r k  d o n e  

p r e v io u s ly  b y  P r e m e r la n i  a n d  B iz a r d .59

T h e  v e h ic le  a t t i tu d e ,  p o s i t io n ,  a n d  v e lo c i ty  w e r e  c o m p u te d  d u r in g  e v e ry  

lo o p . T h e  g y r o s c o p e  m e a s u r e m e n ts  w e r e  u s e d  to  c a lc u la te  r o ta t io n a l  m o v e m e n t ,  

w h i le  th e  a c c e le r o m e te r  m e a s u r e m e n ts  w e r e  u s e d  in  c o n ju n c t io n  w i th  a  f u s io n  

a lg o r i th m  to  a c c o u n t  f o r  g y r o s c o p e  d r if t .  W ith  th e  u p d a te d  d i r e c t io n  c o s in e  m a tr ix ,

th e  e a r th - f r a m e  v e lo c i ty  a n d  p o s i t io n  c o u ld  th e n  b e  e s t im a te d .

W ith  e v e ry  n e w  G P S  m e a s u r e m e n t ,  th e  d i f f e r e n c e s  b e tw e e n  th e  p r e d ic te d  

a n d  m e a s u r e d  p o s i t io n /v e lo c i ty  w e r e  u s e d  to  c r e a te  c o r r e c t io n s  th a t  w e r e  

in c r e m e n ta l ly  a p p l ie d  u n t i l  th e  n e x t  G P S  m e a s u r e m e n t  w a s  a v a i la b le .  I n  th is  w a y , 

th e  G P S  d a ta  w a s  t r e a te d  a s  th e  t r u th  s o u rc e .

B e c a u s e  G P S  a l t i tu d e  w a s  d e e m e d  to  b e  to o  in a c c u r a te ,  p r e s s u r e  a l t i tu d e  w a s  

u s e d  in s te a d . T h is  w a s  o b ta in e d  b y  m e a n s  o f  a  b a r o m e tr ic  p r e s s u r e  s e n s o r  a n d  

a p p l ie d  d i r e c t ly  to  th e  v e h ic le  p o s i t io n .  T o  e s t im a te  th e  v e h ic l e ’s h e ig h t  a b o v e
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g r o u n d  le v e l  (A G L ) ,  th e  p r e s s u r e  a l t i tu d e  a t  t a k e o f f  w a s  s e t  a s  a  r e f e r e n c e  p o in t ,  

th u s  a n y  a l t i tu d e  a b o v e  th a t  w a s  a b o v e  g r o u n d  le v e l .

while (flying)

update vehicle attitude

read 3-axis accelerometer 

read 3-axis gyroscope 

update direction cosine matrix (DCM) 

update vehicle position and velocity 

if (new GPS data)

read GPS position and velocity 

update vehicle position and velocity correction 

if (new barometric altitude data) 

read altitude sensor 

update vehicle altitude 

check for waypoint completion

if (current waypoint reached)

update current waypoint 

compute vehicle control commands

calculate desired path based on current point

calculate deviation from desired path based on current attitude/position/velocity 

calculate control inputs required to eliminate deviation 

move vehicle actuators

transmit current vehicle status to ground station 

check for message from ground station 

if (new message)

perform required action

end while

F i g u r e  2 1 . F u s io n  a lg o r i th m  p s e u d o c o d e  

T h e  v e h ic l e ’s lo c a t io n  w a s  f r e q u e n t ly  c o m p a r e d  to  th a t  o f  i ts  c u r r e n t  

d e s t in a t io n  w a y p o in t  to  d e te r m in e  w h e n  th e  w a y p o in t  h a d  b e e n  a c h ie v e d . T h e  

v e h ic le  w a s  n o t  j u s t  t r y in g  to  h e a d  to w a r d s  th e  w a y p o in t ,  b u t  w a s  r a th e r  a t te m p t in g  

to  t r a v e l  a lo n g  a  th r e e - d im e n s io n a l  p a th .  D e p e n d in g  o n  i ts  c u r r e n t  p o s i t io n  a n d
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o r ie n ta t io n ,  a  d e s i r e d  c o u rs e  a n d  a l t i tu d e  w e r e  c a lc u la te d .  T h e s e  w e r e  th e n  

t r a n s la te d  in to  a c tu a to r  c o m m a n d s  w h ic h  w e r e  p a s s e d  o n  to  th e  a c tu a to r s .  T h e  

v e h ic le  w o u ld  s e n d  s ta tu s  m e s s a g e s  w h ic h  in c lu d e d  b a s ic  a t t i tu d e ,  p o s i t io n ,  

v e lo c i ty ,  a n d  p a th  in f o r m a t io n  to  th e  g r o u n d  s ta t io n . T h e  g r o u n d  s ta t io n  w a s  a ls o  

a b le  to  s e n d  c o m m a n d s  to  th e  v e h ic le ,  s u c h  a s  “ s ta r t  m is s io n ”  o r  “r e tu r n  to  b a s e ” .

3 . 3  T h e n  i t  D r o v e

A l l  p r im a r y  f u n c t io n s  o f  th e  a u to p i lo t  ( e s t im a t io n s  r e g a r d in g  a lt i tu d e ,  

p o s i t io n ,  a n d  v e lo c i ty  a s  w e l l  a s  w a y p o in t  n a v ig a t io n  a n d  a c tu a to r  c o n tro l)  w e r e  

f i r s t  t e s t e d  o n  a  g r o u n d  v e h ic le  b e f o r e  b e in g  d e p lo y e d  in  a n  a ir c ra f t .  T h e  U G V , se e  

F ig u r e  2 2 , p r o v id e d  a  f e w  d is t in c t  a d v a n ta g e s  f o r  th e  s a k e  o f  te s t in g ,  th e  m o s t  

n o ta b le  b e in g  th a t  in  th e  e v e n t  o f  a  p r o g r a m  m a l f u n c t io n ,  th e  th r o t t l e  c o u ld  b e  c u t  

a n d  th e  v e h ic le  w o u ld  s im p ly  c o m e  to  a  s to p . T h is  w a s ,  o f  c o u rs e ,  in  c o n t r a s t  to  th e  

a i r  v e h ic le  w h ic h  w o u ld  h a v e  to  b e  m a n u a l ly  r e c o v e r e d  in  f l ig h t ,  a  f e a t  t h a t  w a s  n o t  

a lw a y s  p o s s ib le .  T h e  o th e r  s ig n i f ic a n t  b e n e f i t  o f  th e  g r o u n d  v e h ic le  w a s  t h a t  i t  w a s  

a lw a y s  p o in te d  a p p r o x im a te ly  in  th e  d i r e c t io n  in  w h ic h  i t  w a s  t r a v e l in g .  B y  

a l ig n in g  th e  v e h ic le  c o u r s e  ( d ir e c t io n  o f  t r a v e l)  a n d  h e a d in g  ( d ir e c t io n  i t  w a s  

p o in te d ) ,  i t  w a s  m u c h  e a s ie r  to  d ia g n o s e  p r o b le m s .  I n  th is  w a y , a n y  d i s c r e p a n c y  

w i th  th e  h e a d in g  c o u ld  a u to m a t ic a l ly  b e  a t t r ib u te d  to  a  d i s c r e p a n c y  w i th  th e  

c o u r s e ,  w h ic h  w a s  b e in g  e s t im a te d  u s in g  G P S  d a ta .

50



Master Thesis by Phillip Bryant

F i g u r e  2 2 . U n m a n n e d  g r o u n d  v e h ic le  w i th  s m a r tp h o n e  c o n tr o l le r  

B e s id e s  th e  in h e r e n t  d i f f e r e n c e s  in  v e h ic le  d y n a m ic s ,  th e  p a th - f o l lo w in g  

lo g ic  w a s  th e  s a m e  f o r  b o th  th e  g r o u n d  a n d  a i r  v e h ic le s ,  w i th  th e  e x c e p t io n  th a t  th e  

a i r c r a f t  w a s  r e q u i r e d  to  c o n tr o l  i ts  a l t i tu d e ,  w h i le  th e  g r o u n d  v e h ic le  r e m a in e d  a t  

z e ro  f e e t  A G L  r e g a r d le s s  o f  i ts  in p u ts .  T h e  p a th - f o l lo w in g  te s t s  w e r e  a ls o  g r e a t ly  

a id e d  b y  u s in g  a  g r o u n d  v e h ic le ,  a s  i t  w a s  p o s s ib le  to  a lw a y s  r e c o r d  th e  p r e c i s e  

p o s i t io n  o f  th e  v e h ic le .  T h is  c o u ld  b e  c o m p a r e d  to  b o th  th e  p r e d ic te d  p o s i t io n  as 

w e l l  a s  th e  d e s i r e d  p o s i t io n  to  d e te r m in e  i f  th e  a u to p i lo t  w a s  a b le  to  k n o w  w h e r e  i t  

w a s ,  a n d  k n o w  h o w  to  g e t  w h e r e  i t  w a n te d  to  g o . P a th - f o l lo w in g  w a s  m u c h  s im p le r  

w i th  th e  g r o u n d  v e h ic le ,  a s  c o n tro l  w a s  a c c o m p li s h e d  b y  m e a n s  o f  a  s in g le  s te e r in g  

m e c h a n is m , th u s  th e  a lg o r i th m  lo g ic  c o u ld  b e  a n a ly z e d  m o r e  c o m p le te ly  w i th o u t  

th e  c o n c e r n  th a t  v e h ic le  d y n a m ic s  m ig h t  b e  p la y in g  a  s ig n i f ic a n t  r o le  in  th e  r e s u l ts .
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C h a p t e r  4 :  E x p e r i m e n t a l  D e s i g n

W ith  th e  f u s io n  a lg o r i th m  e s ta b l is h e d ,  th e  p r im a r y  e x p e r im e n t  o f  th is  th e s is  

w a s  r e a d y  f o r  te s t in g . T h is  c h a p te r  o u t l in e s  th e  c o n s tr u c t io n  o f  th e  e x p e r im e n ta l  

U A S  c o n tr o l le d  b y  a n  o n b o a r d  s m a r tp h o n e .

4 .1  S e t u p

In  o r d e r  f o r  th e  a u to p i lo t  to  p h y s ic a l ly  c o n tr o l  th e  a ir c ra f t ,  i t  w a s  n e c e s s a r y  

to  f in d  a  d e v ic e  th a t  c o u ld  in te r f a c e  b e tw e e n  th e  s m a r tp h o n e  a n d  th e  h a r d w a r e ,  to  

r e l a y  th e  m o to r  a n d  s e rv o s  c o m m a n d s ,  a s  w e l l  a s  c o n n e c t  th e  s m a r tp h o n e  to  a n y  

a u x i l ia r y  c o m p o n e n ts  s u c h  a s  th e  b a r o m e tr ic  p r e s s u r e  s e n s o r . T h e  I O I O  b o a rd ,  

d e s ig n e d  s p e c i f ic a l ly  f o r  A n d r o id ,  w a s  c h o s e n  f o r  th is  p u r p o s e .60

A s  s h o w n  in  F ig u r e  2 3 , th e  h a r d w a r e  u s e d  w a s  a  N e x u s  5 s m a r tp h o n e  

c o n n e c te d  v i a  U S B  to  th e  I O I O  b o a r d  th a t  in te r f a c e d  w i th  th e  s e rv o s  ( f iv e  c h a n n e l:  

e le v a to r ,  a i le ro n s ,  r u d d e r ,  a n d  s p e e d  c o n tr o l le r ) ,  b a r o m e te r ,  a n d  X B e e  t r a n s c e iv e r .  

T h e  X B e e  t r a n s c e iv e r  is  u s e d  a s  th e  c o m m u n ic a t io n  p la t f o rm  f o r  t e le m e t r y  a n d  f o r  

r e c e iv in g  c o m m a n d s  f ro m  a n  A n d r o id  ta b le t  r u n n in g  th e  s a m e  a p p l ic a t io n  in  

g r o u n d  s ta te  m o d e . I t  h a d  a  o n e -m i le  r a n g e  l in e - o f - s ig h t  ( L O S )  c o n d i t io n s  a n d  w a s
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a d d i t io n a l ly  u s e d  d u r in g  e a r ly  e x p e r im e n ta l  p h a s e s  to  k e e p  a  h u m a n  in  th e  lo o p  a s  

a  f a i l s a f e  a g a in s t  a n  im p e n d in g  c ra s h . T h e  e x te r n a l  c a m e r a  w a s  a  F ly C a m O n e  e c o  

V 2  d ig i ta l  c a m e ra ,  c a p a b le  o f  4 8 0 p  r e s o lu t io n .  A l th o u g h  th e  s m a r tp h o n e  h a s  a  

c a m e ra  w i th  s u p e r io r  q u a l i ty  o n b o a r d ,  th e  e x te r n a l  c a m e ra  a l lo w e d  f o r  m o b i l i ty  in  

l e n s  lo c a t io n  to  s im p l i f y  t e s t in g  a s  a  s m a r tp h o n e ’s im a g e  c a p tu r e  c a p a c i ty  is  n o t  in  

d o u b t . S im ila r ly ,  th e  d e c is io n  w a s  m a d e  to  c o n n e c t  a n  e x te r n a l  b a r o m e te r  s in c e  

m o s t  s m a r tp h o n e s  d o  n o t  h a v e  a  b a r o m e te r  in s ta l le d ;  th o u g h  th e  N e x u s  5 d o e s ,  th e  

E a g le  T re e  S y s te m s  b a r o m e te r  h a d  a  s u p e r io r  r e s o lu t io n  o f  0 .1  m e te r s .

T h e  p h y s ic a l  a ir c r a f t ,  F ig u r e  2 4 , u s e d  to  t e s t  th e  a u to p i lo t  w a s  a  c o m m e rc ia l -  

o f f - th e - s h e l f  ( C O T S )  P a r k z o n e  T -2 8  T r o ja n ;  m o d if ie d  a s  r e q u i r e d .  T h e  T -2 8  h a d  a  

p h y s ic a l  w in g s p a n  o f  4 4  in c h e s  w i th  a  f ly in g  w e ig h t  o f  a p p r o x im a te ly  4 2  o u n c e s .  I t  

u t i l iz e d  a n  e le c tr ic  b r u s h le s s  m o to r  p o w e r e d  b y  2 2 0 0  m il l ia m p  h o u r  l i th iu m -  

p o ly m e r  b a t te ry .  A l l  o f  th e  h a r d w a r e  c o m p o n e n ts ,  in c lu d in g  th e  s m a r tp h o n e ,  f i t  

in s id e  th e  c u s to m  c a v i ty  o f  th e  f u s e la g e .  E v e r y  s e n s o r  e m p lo y e d ,  in c lu d in g  th o s e  

in te r n a l  to  th e  s m a r tp h o n e ,  w a s  w i th in  to le r a n c e  o f  C O T S  a u to p i lo t s .54
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F i g u r e  2 3 . O v e r v ie w  o f  U A S  h a rd w a re

F i g u r e  2 4 . U A S  e x p e r im e n ta l  p la t f o r m  ( P a r k z o n e  T -2 8  R C  a ir p la n e )
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4 . 2  T h e  C o n t r o l  S o f t w a r e

F ig u r e  2 5  d e l in e a te s  th e  f in i te  s ta te s  o f  th e  a u to p i lo t  a p p l ic a t io n  f o r  a 

n o m in a l  m is s io n .  T h e  U A S  w o u ld  ta k e  f l ig h t ,  c l im b  to  m is s io n  a l t i tu d e ,  r e a c h  th e  

p r o v id e d  w a y p o in ts ,  d e s c e n d  to  l a n d in g  a lt i tu d e ,  th e n  s a fe ly  a p p ro a c h  th e  r u n w a y ,  

a n d  la n d . N o te  t h a t  n o  t a k e o f f  o r  l a n d in g  a s s is ta n c e  w a s  n e c e s s a r y — e .g . c a ta p u lt ,  

h a n d - la u n c h ,  r e t r ie v a l  n e t— a s  th e  a i r c r a f t  w a s  a b le  to  u t i l iz e  i ts  la n d in g  g e a r  fo r  

th e s e  p h a s e s .  T w o  in te r r u p t  c o m m a n d s  w e r e  a ls o  p r o v id e d  to  th e  g r o u n d  c o n tro l  

ta b le t:  lo i te r  a n d  la n d . T h e s e  a l lo w e d  th e  u s e r  to  a l te r  th e  m is s io n  p r o f i le .

F i g u r e  2 5 . U A S  f in i te  s ta te  d ia g r a m  

E a c h  o f  th e s e  f in i te  s ta te s  r e q u i r e d  f o u r  ty p e s  o f  in f o r m a t io n  to  c re a te  th e  

G P S - a id e d  I n e r t ia l  N a v ig a t io n  S y s te m  (G P S /I N S ) :  a c c e le r a t io n ,  r o ta t io n ,  d i r e c t io n  

o f  t r a v e l ,  a n d  b a r o m e tr ic  p r e s s u r e .  A l l  o f  th e s e  p ie c e s  o f  in f o r m a t io n  c o u ld  b e  

o b ta in e d  u s in g  th e  h a r d w a r e  in s ta l le d  o n  m a n y  s m a r tp h o n e s ;  h o w e v e r ,  a s
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aforementioned, barometric pressure is not ubiquitous, so an external pressure 

sensor was utilized. The adjustments for flight were determined by these four 

sensors providing the key inputs to the inertial navigation system, as shown in 

Figure 26. The data is looped and filtered through the waypoint navigation 

whereby commands are sent to the servos. Two-way communication with the 

ground station relays aircraft status while allowing new missions directives to be 

initiated.

As initially outlined in Chapter 3.2, the attitude of the aircraft was calculated 

by combining the data taken from a 3-axis gyroscope and a 3-axis accelerometer, 

each of which was sampled at approximately 200 Hz. The gyroscope readings were 

used to update a direction cosine matrix, from what roll, pitch, and yaw could be 

obtained. The accelerometer was used to account for any gyroscopic drift, as well 

as to estimate the aircraft position and velocity in between GPS updates. Latitude, 

longitude, and height above WGS84 reference ellipsoid were available from the 

GPS receiver at 1 Hz. The pressure altitude was calculated using barometric 

pressure sensor which was sampled at approximately 20 Hz. Combining the data 

from these sensors, the altitude and latitude/longitude of the aircraft were 

calculated at approximately 200 Hz, while the absolute height was calculated at 

nearly 20 Hz. Corrections to the calculated location were applied based on the 

most recent GPS data received.

Master Thesis by Phillip Bryant

56



Master Thesis by Phillip Bryant

I t  s h o u ld  b e  n o t e d  th a t  a  m a g n e to m e te r  w a s  n o t  u s e d  to  d e te r m in e  th e  

a i r c r a f t  h e a d in g  in  o r d e r  to  a v o id  r e c a l ib r a t io n  b e f o r e  e v e ry  f l ig h t  a n d  to  r e m o v e  

th e  p o te n t ia l  f o r  m a g n e t ic  in te r f e r e n c e  th a t  c o u ld  r e s u l t  in  s ig n i f ic a n t  n a v ig a t io n  

e r ro r s .  I n s te a d ,  i t  w a s  a s s u m e d  th a t  th e  a i r c r a f t  w a s  a lw a y s  h e a d in g  in  

a p p r o x im a te ly  th e  s a m e  d i r e c t io n  th a t  i t  w a s  t r a v e l in g ,  e rg o  th e  h e a d in g  a n d  th e  

c o u r s e  ( d ir e c t io n  o f  t r a v e l)  w e r e  f o r c e d  to  c o n v e rg e ,  w i th  th e  c o u r s e  b e in g  th e  

d o m in a n t  c o m p o n e n t .  A  s a fe ty  R /C  o v e r r id e  w a s  in c lu d e d  d u r in g  te s t in g  w h ic h  

c o u ld  b e  a c t iv a te d  b y  a  t r a n s c e iv e r  in  c a s e  o f  lo s s  o f  c o n tro l .

O n e  o f  th e  p r im a r y  c h a l le n g e s  w i th  u s in g  a  s m a r tp h o n e  is  th a t  th e  a u to p i lo t  

p r o g r a m  m u s t  r u n  o n  a  n o n - r e a l - t im e  o p e ra t io n  s y s te m . T y p ic a l  a u to p i lo t s  c o n s is t  

o f  a  r e a l - t im e  o p e ra t in g  s y s te m s  (R T O S )  d e s ig n e d  to  a c t iv e ly  m o n i to r  f l ig h t .61 A n  

R T O S  h a s  a  h ig h  d e g re e  o f  c o n s is te n c y  in  te r m s  o f  th e  t im e  i t  t a k e s  to  p e r f o r m  a 

s p e c i f ic  ta s k .  T h is  is  o f  p a r t i c u la r  im p o r ta n c e  w h e n  s e n s o r  d a ta  is  r e q u i r e d  a t  

r e l ia b le  in te r v a ls .  U n f o r tu n a te ly ,  w i th  a  n o n - R T O S , d e p e n d in g  o n  th e  p r o c e s s in g  

r e s o u r c e s  a v a i la b le  a t  a n y  g iv e n  m o m e n t ,  c o m p u ta t io n  t im e  c a n  v a ry ,  w h ic h  c a n  

n e g a t iv e ly  a f f e c t  th e  p e r f o r m a n c e  o f  th e  a u to p i lo t .  H o w e v e r ,  i t  w a s  f o u n d  th a t  th e  

a u to p i lo t  w a s  c a p a b le  o f  c o n tr o l l in g  th e  a i r c r a f t  d e s p i te  m in o r  v a r ia n c e s  in  

p r o c e s s in g  p e r f o r m a n c e  a s  th e  s e n s o r s  w e r e  m e a s u r e d  a t  a  c o n s is te n t  r a te .  T h is  

w a s  d u e  to  tw o  f a c to r s :  th e  h ig h - p e r f o r m a n c e  c a p a b i l i ty  o f  th e  c u r r e n t  s m a r tp h o n e s  

a n d  th e  in h e r e n t  s ta b i l i ty  o f  f ix e d - w in g  a ir c ra f t .
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F i g u r e  2 6 . U A S  s o f tw a r e  d ia g ra m
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The Nexus 5 smartphone used for the autopilot contained a Qualcomm 

Snapdragon quad-core 2.26 GHz processor and 2GB of RAM. This hardware was 

capable of rapidly completing intense computational tasks, thus the possibility of 

one task delaying another was negligible. The main cause of timing inconsistency 

was due to sensor data readings. Although the sensors were polled at consistent 

intervals by the operating system, the data was occasionally delayed. In other 

words, the time between measurements did not match the time between 

measurement availability. While this could be a problem with a highly unstable 

system, the dynamics of the test aircraft were such that small delays in control 

inputs could be tolerated. Nominally, if the aircraft were well trimmed, it would 

tend to continue flying in a similar manner unless control inputs were applied. 

These small inconsistencies in operating system timings are discussed further in 

Chapter 5.3.
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C h a p t e r  5 :  R e s u l t s

T h is  c h a p te r  d e s c r ib e s  th e  k e y  f in d in g s  f ro m  th e  c o n s tr u c t io n  o f  th e  U A S .

5 .1  A p p l i c a t i o n  a n d  U I

E x a m p le s  o f  th e  g r a p h ic a l  u s e r  in te r f a c e  ( G U I )  o f  th e  U A S ’s A n d r o id  

a u to p i lo t  a p p , w r i t t e n  in  J a v a ,  a re  s h o w n  in  F ig u r e  2 7 . T h e  G U I  d e p ic te d  in  F ig u re  

2 7  (a )  d i s p la y e d  a u to p i lo t  a t t i tu d e ,  p o s i t io n ,  c u r r e n t  f l ig h t  m o d e ,  a n d  o th e r  e s s e n t ia l  

p a r a m e te r s ,  a l lo w in g  f o r  im m e d ia te  d e te c t io n  o f  a n y  a b n o rm a l i t ie s .  T h e  in te r f a c e  

a ls o  a l lo w e d  f o r  a  m is s io n  to  b e  in i t ia te d  w i th o u t  th e  n e e d  f o r  a  g r o u n d  s ta t io n , 

s in c e  th e  p h o n e  w a s  p la c e d  in  a n  a c c e s s ib le  lo c a t io n  o f  th e  U A S . F ig u r e  2 7  (b )  

d e m o n s t r a te s  h o w  d e c la r in g  a  s e r ie s  o f  w a y p o in ts  c r e a te d  m is s io n s .  W a y p o in t  

c o o rd in a te s  w e r e  e n te r e d  r e la t iv e  to  a  s in g le  l a t i tu d e / lo n g i tu d e  p o s i t io n  s e t  b y  th e  

u s e r .  F l ig h t  r e s u l t s  w e r e  a v a i la b le  u p o n  m is s io n  c o m p le t io n ,  a s  s h o w n  in  F ig u r e  2 8  

(a )  a n d  (b ) . Y e l lo w  p in s  r e p r e s e n te d  th e  lo c a t io n  u s e d  b y  th e  a u to p i lo t ,  w h i le  b lu e  

p in s  w e r e  G P S  m e a s u r e m e n ts .  T h e  l in e s  o r ig in a t in g  f ro m  e a c h  p o in t  s h o w  th e  

r e s p e c t iv e  c o u rs e  o v e r  g ro u n d . T h e  p u r p le  p in  is  th e  in i t ia l  t a k e o f f  lo c a t io n .  A s  th e  

f ig u r e  d e l in e a te s ,  th e  a i r c r a f t  p o s i t io n  a s  r e c o r d e d  b y  th e  a u to p i lo t  G P S  c o m p a r e d  

to  th e  in te n d e d  m is s io n  e s ta b l is h e d  p a th  f o l lo w in g  c a p a b i l i ty .
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F i g u r e  2 8 . U A S  f l ig h t  r e s u l ts  f o r  ( a )  o r b i t  a n d  (b )  fu ll  f o u r  w a y p o in t  m is s io n
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5 . 2  F l i g h t  P e r f o r m a n c e

T h e  a i r c r a f t  s u c c e s s fu l ly  c o m p le te d  m a n y  a u to n o m o u s  f l ig h ts .  T h e s e  f l ig h ts  

r a n g e d  f ro m  s h o r t  d u r a t io n  c o m m a n d e d  a l t i tu d e  to  fu ll  m is s io n s  w i th  s e v e ra l  

w a y p o in ts .  T h e  a u to p i lo t  w a s  a b le  to  c o m p le te  o u t - a n d - b a c k  m is s io n s  o f  

a p p r o x im a te ly  te n  m i le s ,  w i th  a  d u r a t io n  e x c e e d in g  f i f te e n  m in u te s .  I t  c o u ld  b e  

c o m m a n d e d  to  ta k e  im a g e s  a n d  w o u ld  a u to n o m o u s ly  g e n e ra te  i ts  o w n  D u b in s -  

d e r iv e d  f l ig h tp a th s  ( s e e  C h a p te r  2 .2 .3 )  b a s e d  u p o n  th e  w a y p o in ts  a n d  th e  tu rn s  

r e q u i r e d  to  m e e t  th e m .

K e y  te s t s  o f  th e  a u to p i lo t ’s r o b u s t  d e s ig n  w e r e  c o m p le te d .  F o r  e x a m p le ,  in  

o r d e r  to  d e m o n s t r a te  th e  a b i l i ty  to  m a in ta in  c o n tr o l  a f te r  a  m o d e s t  p e r tu r b a t io n ,  th e  

U A S  w a s  s u c c e s s fu l ly  c o m m a n d e d  to  t r a n s i t io n  f ro m  w in g s - le v e l  u p r ig h t  f l ig h t  to  

w in g s - le v e l  in v e r te d  f l ig h t  b y  m e a n s  o f  a  1 8 0 °  a i le r o n  ro ll .  M o re  g e n e ra l ly ,  e n t i r e  

m is s io n s  w e r e  c a p tu r e d  b y  th e  a u to p i lo t - c o m m a n d e d  u n d e r c a r r ia g e  c a m e ra ,  s o m e  

v id e o  s t i l ls  f ro m  w h ic h  a re  s h o w n  in  F ig u r e  2 9 . G r o u n d  f o o ta g e  w a s  s h o t  

m a n u a l ly ,  s h o w n  in  F ig u r e  3 0 . A  c o m p i la t io n  v id e o  o f  s e v e ra l  s u c c e s s fu l  f l ig h ts  

c a n  b e  f o u n d  o n l in e .62

S in c e  a b s o lu te  t r u th  c a n  m o re  e a s i ly  b e  m e a s u r e d  o n  th e  g r o u n d , th e  U G V  

d is c u s s e d  in  C h a p te r  3 w a s  te s te d .  T h e  c a r  d r o v e  a lo n g  a  s t r a ig h t  l in e  c o n t in u o u s ly  

w i th  a  c r o s s - t r a c k  e r r o r  o f  l e s s  th a n  2  m e te r s .  I m a g e  s t i l ls  f ro m  o n e  s u c h  s u c c e s s fu l  

t e s t  a re  s h o w n  in  F ig u r e  3 1 , a n d  a  fu ll  v id e o  c a n  b e  f o u n d  o n l in e .63
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F i g u r e  3 0 . V id e o  s t i l ls  f ro m  m a n u a l ly  s h o t  g r o u n d  f o o ta g e 62
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A s  a f o r e m e n t io n e d ,  th e  lo w - r e s o lu t io n  c a m e r a  e q u ip p e d  to  th e  U A S  c o u ld  

b e  a c tu a te d  b y  th e  a u to p i lo t .  S u c c e s s f u l  c a p tu r e  o f  th e s e  im a g e s  r e q u i r e d  r e la t iv e ly  

s ta b le  in - f l ig h t  c o n d it io n s .  F ig u r e  3 2  d e p ic ts  th e  m e a s u r e d  v e r s u s  c o m m a n d e d  

a l t i tu d e  o f  a n  e n t i r e  m is s io n  f ro m  t a k e o f f  to  la n d in g . T h e  U A S  b u o y e d  a n d  s u n k  

d u e  to  a e ro d y n a m ic  f o rc e s ,  b u t  s to c h a s t ic a l ly  f o l lo w e d  i ts  in te n d e d  a lt i tu d e .

F i g u r e  3 2 . C o m m a n d e d  v e r s u s  m e a s u r e d  e le v a t io n  

S o m e  o f  th e  a l t i tu d e  v a r ia n c e  is  d u e  to  th e  n a tu r a l  in c o n s i s te n c y  o f  

b a r o m e tr ic  p r e s s u r e ,  a n d  th is  u n c e r ta in ty  is  m o s t  e v id e n t  in  l a n d in g  a c c u ra c y . 

F ig u r e  33  s h o w s  l a n d in g  to u c h d o w n  p o s i t io n s  c o m p a r e d  to  in te n d e d ,  a s  c o l le c te d  

f ro m  a  ty p ic a l  d a y  o f  te s t in g .  T h is  p a r t i c u la r  t e s t  e r r o r  w a s  f o u n d  to  a v e ra g e  2 2 m
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r a d i i  f ro m  th e  c o m m a n d e d  lo c a t io n ;  th e  e r r o r  t e n d e d  to  b e  m o re  lo n g i tu d in a l ly  th a n  

la te r a l ly ,  w h ic h  is  to  b e  e x p e c te d  o f  im p r e c is e  l a n d in g  a c c u ra c y .

F i g u r e  3 3 . S c a t te rp lo t  o f  U A S  la n d in g  a c c u r a c y  

5 . 3  N o n - R T O S  A n a l y s i s

B e c a u s e  th e  A n d r o id  s m a r tp h o n e  d id  n o t  u t i l iz e  a  R T O S , i t  w a s  n e c e s s a r y  to  

c h e c k  th e  c o n s is te n c y  o f  th e  O S  t im in g  a s  th e  a u to p i lo t  n e e d e d  i ts  f u n c t io n s  to  b e  

c a l le d  a t  r e l ia b le  in te r v a ls .  T h e r e f o r e ,  th e  a u to p i lo t  w a s  m o n i to r e d  f o r  s e v e ra l  h o u r s  

o f  c o n t in u o u s  o p e ra t io n . T h e  p r im a r y  n a v ig a t io n  lo o p  w a s  c o m m a n d e d  a t  in te r v a ls  

o f  5 m il l i s e c o n d s ,  a n d  th e  s e rv o s  w e r e  c o m m a n d e d  a t  in te r v a ls  o f  5 0  m il l i s e c o n d s .  

T h e  m e a n  a n d  m e d ia n  v a lu e s  w e r e  e x a c t ly  a s  in s t r u c te d .  A l th o u g h  th e  in te r v a l
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le n g th  d id  f lu c tu a te ,  a n y  le a d  o r  l a g  f ro m  o n e  w a s  c o r r e c te d  b y  th e  p r o c e e d in g  so  

t h a t  th e  a v e ra g e  o f  2 0 0  n a v ig a t io n  lo o p s  o r  2 0  s e rv o  lo o p s  w a s  s ti l l  1 s e c o n d . 

F u r th e r m o r e ,  th e  l a r g e s t  m e a s u r e d  in te r v a ls  w e r e  w i th in  th e  b o u n d s  o f  a c c e p ta b le  

d e la y  f o r  a  s ta b le  f ix e d - w in g  a i r c r a f t  w i th  th e  n a v ig a t io n  lo o p s  a n d  s e rv o  lo o p s  

e x p e r ie n c in g  m a x im u m  in te r v a ls  o f  3 0  a n d  87  m i l l i s e c o n d s ,  r e s p e c t iv e ly .

T h e  o p e ra t io n s  th a t  o c c u r r e d  m o s t  f r e q u e n t ly  w e r e  a c c e s s in g  th e  

a c c e le r o m e te r  a n d  g y r o s c o p e  d a ta ,  w h ic h  w a s  s u p p o s e d  to  h a p p e n  a t  2 0 0  H z . 

S m a ll  v a r ia t io n s  in  th e  t im in g  w e r e  c o n s id e r e d  a c c e p ta b le ,  b u t  i t  w a s  im p o r ta n t  th a t  

a n y  la g  n o t  b e  a l lo w e d  to  p r o p a g a te  a n d  in s te a d  b e  e l im in a te d  in  s u b s e q u e n t  

i te r a t io n s .  F ig u r e  3 4  d e p ic ts  th e  s y s te m  le a d / la g  c a u s e d  b y  a c c e s s in g  th e  

a c c e le r o m e te r  a n d  g y r o s c o p e  s e n s o r s  o v e r  th e  c o u rs e  o f  1 0 0  s e c o n d s ,  m e a s u r e d  in  

te r m s  o f  p e r c e n ta g e  o f  th e  d e s i r e d  in te r v a l ,  w h ic h  w a s  5 m il l i s e c o n d s .  I n  o th e r  

w o r d s ,  a  5 %  la g  w o u ld  m e a n  th a t  th e  lo o p  to o k  0 .0 0 0 2 5  s e c o n d s  lo n g e r  th a n  i t  

s h o u ld  h a v e . T h e  f ig u r e  c le a r ly  s h o w s  th a t  a n y  la g  w a s  q u ic k ly  c o u n te r e d  b y  a  

le a d ,  s o  th a t  th e  o v e ra l l  t im in g  o f  th e  s y s te m  w a s  q u i te  c o n s is te n t ,  w i th  th e  a b s o lu te  

e r r o r  r e m a in in g  v e r y  s m a ll .  T im in g  in c o n s i s te n c ie s  w e r e  a c c o u n te d  f o r  b y  u s in g  

th e  t im e s ta m p  a s s o c ia te d  w i th  e a c h  s e n s o r  m e a s u r e m e n t .

T h e  o th e r  im p o r ta n t  r e p e a t in g  f u n c t io n  w a s  th e  s e rv o  a c tu a t io n  w h ic h  w a s  

in te n d e d  to  o p e ra te  a t  2 0  H z . T h e  r e q u i r e m e n ts  f o r  th is  t im in g  w a s  le s s  s tr ic t ,  a s  2 0  

H z  is  m u c h  f a s t e r  th a n  a  h u m a n  w o u ld  b e  a p p ly in g  c o n tro l  in p u ts ,  so  e v e n
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r e la t iv e ly  la r g e  la g s  ( a s s u m in g  th e y  d i d n ’t  a c c u m u la te )  c o u ld  b e  to le r a te d .  F ig u re  

3 5  d e m o n s t r a te s  th a t  th e  m a x im u m  le a d / la g  b e tw e e n  s e rv o  a c tu a t io n s  is  

a p p r o x im a te ly  0 .0 1 0  s e c o n d s ,  w h ic h  w a s  c o n s id e r e d  to  b e  a c c e p ta b le .

F i g u r e  3 4 . A c c e le r o m e te r  a n d  g y r o s c o p e  t im in g  v a r ia t io n

F i g u r e  3 5 . S e rv o  t im in g  v a r ia t io n
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C h a p t e r  6 :  A d d i t i o n a l  E x p l o r a t i o n s

D u r in g  th e  d e v e lo p in g  o f  th is  th e s i s ,  a  lo t  o f  e x tr a n e o u s  in v e s t ig a t io n s  w e r e  

c o n d u c te d .  T h is  c h a p te r  is  d e v o te d  to  a  f e w  o f  th e  in t r ig u in g  c o r o l la r y  o u tp u ts  f ro m  

th o s e  in q u ir ie s .

6 .1  U n s c e n t e d  K a l m a n  F i l t e r 64

A i r c r a f t  h e a d in g  w a s  o n e  o f  th e  m o r e  d i f f ic u l t  p a r a m e te r s  to  e s t im a te .  W h ile  

m a g n e to m e te r s  c o u ld  p o te n t ia l ly  p r o v id e  th e  v e h ic l e ’s m a g n e t ic  h e a d in g ,  th e y  

o f te n  s u f f e r  f ro m  m a g n e t ic  in te r f e r e n c e  a n d  r e q u i r e  f r e q u e n t  c a l ib ra t io n .  T h e s e  

u n d e s i r a b le  c h a r a c te r is t ic s  l e d  to  th e  e x p lo r a t io n  o f  o th e r  m e th o d s  to  e s t im a te  

h e a d in g .

T o  o b ta in  a  r u d im e n ta r y  h e a d in g  e s t im a t io n  w i th  a  f ix e d - w in g  a ir c ra f t ,  i t  

c o u ld  b e  a s s u m e d  th a t  th e  a i r c r a f t  w a s  g e n e ra l ly  p o in te d  in  th e  d i r e c t io n  i t  w a s  

t r a v e l l in g .  T h is  w a s  f o u n d  to  b e  s a t i s f a c to r y  in  c a lm  c o n d i t io n s  b u t  w a s  u n r e l ia b le  

w h e n  s u f f ic ie n t  w in d  w a s  p r e s e n t .  A  m o r e  t h o r o u g h  m e th o d  u t i l iz e d  a n  U n s c e n te d  

K a lm a n  F i l t e r  (U K F )  w h ic h  c o a le s c e d  G P S , in e r t ia l ,  a n d  a i r s p e e d  m e a s u r e m e n ts  to  

e s t im a te  th e  a i r c r a f t  h e a d in g  a s  w e l l  a s  w in d  v e lo c i ty .
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T h e  f u n d a m e n ta l  e q u a t io n  u t i l iz e d  b y  a  U K F  w a s  d e r iv e d  f ro m  th e  “ W in d  

T r ia n g le ” , s h o w n  b e lo w , w h ic h  s ta te s  t h a t  th e  v e h ic l e ’s g r o u n d  v e lo c i ty  is  e q u a l  to  

th e  s u m  o f  i ts  a i r s p e e d  v e c to r  a n d  th e  w in d  v e c to r .64 T h e  a i r s p e e d  c o u ld  b e  

m e a s u r e d  b y  m e a n s  o f  a  d i f f e r e n t ia l  p r e s s u r e  s e n s o r  u s in g  th e  v e h ic l e ’s a t t i tu d e ,  

w h i le  th e  g r o u n d  v e lo c i ty  w a s  e s t im a te d  u s in g  d a ta  G P S . O f  c o u rs e ,  th e  v e h ic l e ’s 

h e a d in g  w a s  r e q u i r e d  to  c o n v e r t  th e  m e a s u r e d  a i r s p e e d  f ro m  a  b o d y - f r a m e  

m e a s u r e m e n t  to  a n  E a r th - f r a m e  v e c to r ,  a n d  th u s  th e  e q u a t io n  c o u ld  n o t  b e  s o lv e d  

e x p lic i t ly .  T h e  U K F  w a s  u s e d  to  o v e rc o m e  th is  p ro b le m .

T h is  m e th o d  w a s  n e v e r  t e s t e d  u s in g  a c tu a l  a i r s p e e d  m e a s u r e m e n ts  b u t  r a th e r  

a i r s p e e d  e s t im a t io n s .  A l th o u g h  th is  p r o d u c e d  d e c e n t  r e s u l ts  f o r  th e  h e a d in g  

e s t im a t io n ,  i t  w a s  d e c id e d  th a t  i t  w a s  to o  in a c c u r a te  f o r  u s e  a s  th e  p r im a r y  h e a d in g  

e s t im a t io n  d e v ic e .

6 . 2  L I D A R 65

T o  a c c u r a te ly  d e te r m in e  th e  h e ig h t  a b o v e  g r o u n d  le v e l  (A G L )  d u r in g  

l a n d in g ,  a  L I D A R  s e n s o r  w a s  u s e d  (F ig u r e  3 6 ) . T h e  w o r d  L I D A R  is  a  p o r tm a n te a u  

o f  l ig h t  a n d  r a d a r ,  s in c e  i t  u s e s  th e  p r in c ip le  o f  a  r a d a r  b u t  in s te a d  u s e s  l ig h t  f ro m  a  

l a s e r  to  d e te r m in e  d is ta n c e .  T h e  P u ls e d L ig h t  L I D A R  w a s  c a p a b le  o f  2 .5 c m  

a c c u r a c y  a t  d i s ta n c e s  u p  to  4 0 m  a n d  p r o v e d  v e r y  p r o f i c ie n t  a t  p r o v id in g  A G L  d a ta ,
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w h ic h  w a s  a c c e s s e d  a t  1 0 H z . T h e  s e n s o r  c o m m u n ic a te d  b y  m e a n s  o f  th e  I2 C  

p r o to c o l ,  th e  s a m e  a s  th e  b a r o m e te r ;  e rg o , i t  w a s  s im p le  to  c o n n e c t  to  th e  IO IO .

F i g u r e  3 6 . P u l s e d L ig h t  L I D A R  f o r  im p r o v e d  l a n d in g  a c c u r a c y 65 

B e f o r e  u s in g  L I D A R , la n d in g s  w e r e  p e r f o r m e d  b y  s e t t in g  th e  a i r c r a f t  o n  a 

c o n s ta n t - s lo p e  d e s c e n t  u n t i l  i t  f in a l ly  r e a c h e d  th e  g r o u n d . T h is  m e th o d  m e a n t  th a t  

e i th e r  th e  l a n d in g  d is ta n c e  w a s  v e r y  lo n g  ( s h a l lo w  d e s c e n t )  o r  th e  im p a c t  s p e e d  

w a s  v e r y  h ig h  ( s te e p  d e s c e n t ) ,  b o th  o f  w h ic h  w e r e  u n d e s ir a b le .  W ith  a  r e l ia b le  

A G L  s o u rc e ,  th e  a i r c r a f t  c o u ld  m a k e  a  s te e p  d e s c e n t  u n t i l  g e t t in g  v e r y  c lo s e  to  th e  

g ro u n d ,  a t  w h ic h  p o in t  i t  c o u ld  d e s c e n d  m u c h  m o r e  s lo w ly , r e s u l t in g  in  s h o r t  

l a n d in g  d is ta n c e s  a n d  a  g e n tle  im p a c t.
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6 . 3  P a t h  F o l l o w i n g

O n e  l im i t in g  f a c to r  f o r  s e a m le s s  in te g r a t io n  b e tw e e n  th e  U A S  a n d  h u m a n  

in te r f a c e  is  th e  r e q u i r e m e n t  to  a c tu a l ly  in p u t  s p e c i f ic  G P S  c o o rd in a te s .  T h is  is  a 

c lu n k y  s y s te m  w h ic h  n e e d s  to  b e  in p u t te d  o n e - b y - o n e — a  b i t  o f  a n  e x c ru c ia t in g  

e x p e r ie n c e .  W h a t ’s m o re ,  s in c e  th e  w e a th e r  c o n d i t io n s  c a n  v a r y  o v e r  lo n g  

m is s io n s ,  a n d  s in c e  i t ’s o f te n  lo g ic a l  to  h a v e  m o r e  th a n  o n e  d r o n e  in  th e  sk y , i t  

m a d e  s e n s e  f o r  th e  U A S  to  h a v e  l im i te d  k n o w le d g e  o f  th e  e x p lo r a t io n  s p a c e  a n d  

t r y  to  o p t im iz e  i ts  r o u te  b a s e d  u p o n  a n  a re a  w i th  k e y  lo c a t io n s  in s te a d  o f  a ll  th e  

n e c e s s a r y  w a y p o in ts  a n d  D u b in s  ( C h a p te r  2 .3 .3 )  a lo n e .

O n e  p o te n t ia l  s o lu t io n  to  th is  p a th  p r o b le m  is  b io lo g ic a l ly - in s p i r e d .  A n ts  

l e a v e  th e i r  n e s t  ( ta k e o f f )  a n d  in v e s t ig a te  th e  s u r r o u n d in g  a re a . W h e n  th e y  d i s c o v e r  

a  f o o d  s o u rc e ,  th e y  le a v e  a  p a r t ic u la r  t r a i l  o f  p h e r o m o n e s  o n  th e i r  r e tu r n .66 A s  m o re  

a n ts  e x p lo r e  th e  g iv e n  g r id ,  e v e n tu a l ly  th e  p h e r o m o n e s  b e g in  to  c o l le c t  a lo n g  th e  

q u ic k e s t  p a th s  b e tw e e n  th e  f o o d  s o u rc e s  a n d  th e  n e s t .  A n  a n t  c o lo n y  w a s  th e r e f o r e  

im p le m e n te d  to  r e p r e s e n t  th e  r o u t in g  p r o b le m . A  g iv e n  a n t  c a n  f o ra g e  h is  

e n v ir o n m e n t  a n d  la y  tw o  ty p e s  ( fo o d , n e s t )  o f  p h e r o m o n e s  (a s  w e l l  a s  s e n s e  th e  

o n e s  a r o u n d  h im ) . T h e  d i s ta n c e  th a t  th e  a n t  c u r r e n t ly  is  f ro m  th e  s o u rc e  th e  w e a k e r  

th e  p h e r o m o n e  w i l l  b e ,  a n d  th e  p h e r o m o n e s  s lo w ly  e v a p o ra te  o v e r  t im e .

A n  e x a m p le  o f  th e  o u tp u ts  o f  th is  s y s te m  c a n  b e  s e e n  in  F ig u r e  3 7 . T h e  

c o lo r s  r e p r e s e n t  p h e r o m o n e  t r a i l s  f ro m  e a c h  f o o d  s o u rc e  a n d  th e  b la c k  d o ts  a re
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‘a n t s ’ d i s c o v e r in g  th e  id e a l  p a th  b e tw e e n  th e  fo o d . W h ile  th is  a n t - b a s e d  n e tw o r k  

w a s  n o t  im p le m e n te d  in to  th e  g r e a te r  th e s i s  p r o je c t ,  i f  i t  w e r e ,  i t  w o u ld  b e  r u n  in  

th e  b a c k g r o u n d  f o r  a p p r o x im a te ly  a  th o u s a n d  lo o p s  b e f o r e  p r o v id in g  a  p a th  f o r  th e  

d r o n e  a n d  w o u ld  b e  r e r u n  e a c h  t im e  c o n d i t io n s  w a r ra n t .  N o n e th e le s s ,  th e  a n ts  o f te n  

j u m p e d  b e tw e e n  p a th  c o n c lu s io n s  a n d , a s  c a n  b e  s e e n  in  th e  f ig u r e ,  th e  p a th  w a s  

n o t  n e c e s s a r i ly  id e a l .  T h e r e f o r e ,  th is  p a th  m e th o d o lo g y  w a s  a b a n d o n e d  b e f o r e  fu ll  

im p le m e n ta t io n .

F i g u r e  3 7 . E x a m p le  o f  a n t - b a s e d  p a th  ( le f t)  d u r in g  p a th  d is c o v e r y  ( r ig h t)  a f te r  a
s o lu t io n  c o n v e rg e n c e

6 . 4  S m a r t p h o n e  L i m i t a t i o n s

O n e  a s p e c t  o f  th e  s m a r tp h o n e  th a t  c o u ld  le a d  to  i ts  r e p la c e m e n t  a s  th e  

p r im a r y  s e n s o r  s o u rc e  is  th e  f a c t  th a t  i ts  a c c e le r o m e te r  a n d  g y r o s c o p e  s e n s o r s  h a v e
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to be placed as close to the vehicle’s center of gravity as possible. If these sensors 

were not at the center of gravity, then vehicle’s rotations would also be perceived 

as accelerations, while vehicle’s accelerations would also be perceived as rotations.

Since the center of gravity of the vehicle was often near the vehicle’s center, 

this meant that the smartphone had to be embedded within the vehicle, making 

access somewhat difficult. One of the primary reasons for using a smartphone 

initially was its touchscreen which could not be accessed while the smartphone is 

within the configuration. If this feature were eliminated, the smartphone would 

thus become less desirable. The solution would then be to use alternate 

accelerometer and gyroscope sensors, and simply rely on the smartphone for its 

interface and camera capabilities. This is similar to many COTS systems, although 

it would allow the smartphone to be placed anywhere which would dramatically 

relax the design constraints of the vehicle.
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C h a p t e r  7 :  C o n c l u s i o n

T h is  p a p e r  d e ta i le d  th e  c o m p le te ly  a u to n o m o u s  c a p a b i l i t ie s  o f  a  U A S  

c o n tr o l le d  b y  a n  o n b o a r d  s m a r tp h o n e . T h is  w a s  s o lv e d  b y  d e v e lo p in g  a n  A n d r o id  

a p p l ic a t io n  th a t  c o u ld  in te r f a c e  w i th  a  I O I O  b o a r d  f o r  p h y s ic a l  a c tu a t io n .  G iv e n  a 

c le a r e d  s p a c e  a b o u t  th e  s iz e  o f  a  f o o tb a l l  f ie ld ,  G P S  w a y p o in t - d r iv e n  m is s io n s ,  in  

c o n ju n c t io n  w i th  s u c c e s s fu l  t a k e o f f s  a n d  l a n d in g s ,  w e r e  p o s s ib le .  F u tu r e  e n d e a v o r s  

l o o k  to  le v e r a g e  th e  v a s t  c a p a b i l i t ie s  o f  a  s m a r tp h o n e ,  s u c h  a s  c e l lu la r  

c o m m u n ic a t io n ,  to  m o d e r n iz e  th e  U A S  la n d s c a p e .

7 .1  M o t i v a t i o n  a n d  S u m m a r y

In  M e d ie v a l  E u r o p e a n  f o lk lo re ,  ‘f a m i l i a r s ’ w e r e  e n t i t ie s  t h a t  a s s i s te d  in  th e  

a c t iv i t ie s  o f  th e  ‘c u n n in g  f o lk ’ .67 T h is  o ld  f o lk lo re  m a y  j u s t  y e t  b e c o m e  a  f o rm  o f  

r e a l i ty  a s  th e  te c h n o lo g y  th a t  is  b e in g  c a r r ie d  a r o u n d  in  th e  p o c k e ts  o f  m u c h  o f  th e  

w o r l d ’s p o p u la t io n  d e v e lo p s .  T h e  p o te n t ia l  o f  s m a r tp h o n e s ,  a s  n e w  c a p a b i l i t ie s  a re  

a d d e d ,  is  b lo s s o m in g .  T h is  th e s is  im a g in e s  a  f u tu r e  in  w h ic h  th e  e v e ry d a y  

s m a r tp h o n e  c a n  b e  t r a n s f ix e d  to  a n y  d e v ic e  a n d  b e c o m e  i ts  c o n tr o l le r .  T h e  

p a r t i c u la r  a p p l ic a t io n  o f  th is  th e s i s  is  u p o n  d r o n e s ,  s in c e  th e  t e c h n o lo g y  n e e d e d  to  

e s s e n t ia l ly  c o n tr o l  a  U A S  h a s  m a tu r e d  a n d  b e e n  d e m o n s t r a te d .
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T o  e s ta b l is h  th e  m a g n i tu d e  r e p r e s e n te d  h e r e in  b y  th e s e  p o c k e t  d e v ic e s ,  a 

s u rv e y  o f  th e  te c h n o lo g ic a l  a c h ie v e m e n ts  in  u n m a n n e d  a i r c r a f t  a n d  c o n tr o l  s y s te m s  

w a s  c o m p le te d  in  th e  f i r s t  tw o  c h a p te r s .  T h is  s u rv e y  d e ta i le d  th e  r ic h  c e n tu r y  a n d  a  

h a l f  o f  h i s to r y  d r iv e n  b y  w a r s  a n d  in n o v a to r s  a n d  th e  s ig n i f ic a n t  e f f o r ts  r e q u i r e d  to  

c re a te  a  d e v ic e  w h ic h  c o u ld  k e e p  i t s e l f  a lo f t ,  p a r t i c u la r ly  o n e  th a t  c o u ld  c o m p le te  

a n  e n t i r e  m is s io n  p r o f i le  in c lu d in g  w a y p o in ts ,  t a k e o f f ,  a n d  la n d in g .

C h a p te r  3 d i s c u s s e d  th e  te c h n ic a l  b a c k d r o p  o f  th e  p r im a r y  th e s i s ,  

s p e c i f ic a l ly  d e ta i l in g  w h a t  a p p l ic a b le  c o n tr o l  s y s te m s  a re , in  p a r t i c u la r  th e  P I D  a n d  

w h y  i t  r e la te s  to  th is  th e s is .  C h a p te r  3 c o n t in u e s  w i th  a n  o v e r v ie w  o f  th e  p r im a r y  

a lg o r i th m , o f te n  r e f e r r e d  to  a s  th e  f u s io n  a lg o r i th m , w h ic h  w a s  d e v e lo p e d  to  m e r g e  

th e  s e n s o r  in f o r m a t io n  in to  a c t io n a b le  d a ta  f o r  f l ig h t .  L a s t ly ,  C h a p te r  3 d is c u s s e d  

th e  f i r s t  s te p  o n  th e  r o a d  to  a i r b o r n e  a u to n o m y , w h ic h  w a s  a  g r o u n d  v e h ic le  

s u c c e s s fu l ly  h i t t in g  w a y p o in ts  a n d  f o l lo w in g  a  p a th .

C h a p te r  4  d e ta i le d  th e  u n m a n n e d  a e r ia l  s y s te m  (U A S )  w h ic h  w a s  u s e d  in  

th is  th e s i s  to  d e m o n s t r a te  s m a r tp h o n e  c o n tro l .  T h e  U A S  c o n s is te d  o f  a  C O T S  

P a r k z o n e  T -2 8  R C  a ir c r a f t ,  w i th  a n  e m b e d d e d  s m a r tp h o n e  c o n t r o l le r  c o n n e c te d  to  

a  I O I O  b o a r d  f o r  s e rv o  c o m m u n ic a t io n .  F iv e  c h a n n e ls  w e r e  n e e d e d  to  c o n tr o l  th e  

s e rv o s  o f  th e  e le v a to r ,  a i le ro n s ,  r u d d e r ,  a n d  s p e e d  c o n tro l le r .

In  C h a p te r  5 , th e  p r im a r y  r e s u l t s  o f  th e  U A S  w a s  o u t l in e d . T h e  a p p l ic a t io n  

d e v e lo p e d  o n  th e  s m a r tp h o n e  w a s  e a s y  to  u s e  a n d  v i s u a l ly  c o n f i r m  m is s io n
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c h a n g e s  a s  w e l l  a s  to  s e n d  in te r r u p t  c o m m a n d s  f ro m  a  s e c o n d  d e v ic e  l in k e d  a s  a 

g r o u n d  s ta t io n . A  f u l l  c o m p i la t io n  v id e o  w a s  p o s te d  o n l in e 62 th a t  c o n f i r m s  s m o o th  

a n d  c o m p le te  c o n tr o l  w i th o u t  h u m a n  in te r f e r e n c e .  F in a l ly ,  C h a p te r  5 d e ta i ls  h o w  

th e  n o n - R T O S  l im ita t io n  o f  th e  A n d r o id  O S  d id  n o t  l im i t  th e  c a p a c i ty  o f  th e  

s m a r tp h o n e  to  r e l ia b ly  c o m m a n d  th e  U A S .

C h a p te r  6  r e v ie w e d  s e v e ra l  a d d i t io n a l  e x p lo r a t io n s  o f  c a p a c i ty  w h ic h  w e r e  

c o m p le te d  d u r in g  th e  d e v e lo p m e n t  o f  th is  th e s is .  T h is  in c lu d e d  a  m o re  

m a th e m a t ic a l ly  r ig o r o u s  m e th o d o lo g y  f o r  d e te r m in in g  th e  w in d  d i r e c t io n  w a s  

in v e s t ig a te d  w i th  th e  U n s c e n te d  K a lm a n  F i l t e r  a n d  a  L I D A R  f o r  m o re  a c c u r a te  

la n d in g . A c a d e m ic a l ly ,  a  b io lo g ic a l ly - in s p i r e d  p a th  f o l lo w in g  te c h n iq u e ,  g iv e n  

v a r ia d ic  s ta r t in g  c o n d i t io n s  ( a n ts ) ,  w a s  a d d i t io n a l ly  r e s e a rc h e d .  C h a p te r  6 

c o n c lu d e d  w i th  a  d i s c u s s io n  o n  w h y  th e  s m a r tp h o n e  is  l im i te d  in  i ts  a b i l i ty  to  

r e p la c e  e m b e d d e d  s y s te m s ,  p a r t ic u la r ly  th e  c o n s tr a in ts  o n  p la c e m e n t  a n d  a l ig n m e n t  

n e a r  th e  c e n te r  o f  g ra v i ty .

7 . 2  K e y  R e s u l t s

T h e  o n b o a r d  A n d r o id  s m a r tp h o n e  s u c c e s s fu l ly  a n d  a u to n o m o u s ly  c o n tr o l le d  

a  d r o n e  th r o u g h  m u l t ip le  c o m p le te  f l ig h ts  in c lu d in g  t a k e o f f  a n d  la n d in g . T h is  

th e s i s  r e v e a le d  th a t  a  s m a r tp h o n e  c a n  f o rm  th e  b a c k b o n e  o f  a n  e n t i r e  U A S  a n d  

th e r e b y  h a s  th e  p o te n t ia l  to  r e p la c e  th e  ‘b r a i n ’ o f  m a n y  r o b o t ic  d e v ic e s .  E r g o ,  th e
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in i t ia l  p r e c e p ts  o f  im p r o v in g  u p o n  c o s t ,  u s a b i l i ty ,  a n d  u t i l i ty  w e r e  fo u n d e d .  T h e  

s m a r tp h o n e ’s d o w n w a r d  p r e s s u r e  o n  e m b e d d e d  s y s te m s  r e d u c e s  th e  c o s t  w h e n  

c o m p a r e d  to  s ta n d a r d  c u s to m iz e d  b o a rd s .  T h e  u s a b i l i ty  w a s  in h e r e n t  to  th e  

s m a r tp h o n e ’s c le a n  u s e r  in te r fa c e .  T h e  in c r e a s e d  u t i l i ty  c a m e  in  m a n y  fo rm s ,  f ro m  

th e  e m b e d d e d  s e n s o r s  to  th e  n e a r  p lu g - n - p la y  s e n s o r  e x p a n s io n  c a p a b i l i t ie s  o f  th e  

h e a v i ly  s u p p o r te d  A n d r o id  p la t f o rm . A s  t e c h n o lo g y  a d v a n c e s ,  w i th  th e  b i l l io n s  

i n v e s te d  in  s m a r tp h o n e s ,  th e s e  th r e e  c a te g o r ie s  o n ly  s e t  to  o n ly  w id e n  th e  g a p  

w h e n  c o m p a r e d  to  s ta n d a r d  s o lu t io n s .  E s p e c ia l ly  a s  th e  c u t t in g  e d g e  o f  v o ic e ,  3 D  

c a p tu r e ,  a n d  A I  f e a tu r e s  b e c o m e  u b iq u i to u s .

S in c e  th e  s o f tw a r e  w a s  w r i t t e n  a s  a n  a p p l ic a t io n ,  a n o th e r  d e v ic e  w a s  e a s i ly  

d e m o n s t r a te d  to  a c t  a s  a  g r o u n d  s ta t io n . T h e  s e c o n d  d e v ic e  c o u ld  s e n d , v i a  th e  

X B e e  d a ta l in k ,  a n  in te r r u p t  c o m m a n d  to  a l te r  th e  m is s io n  p r o f i le ,  o r  c o m m a n d  a  

r e tu r n  h o m e  o r  lo i te r .  T h is  e s ta b l i s h e d  th e  s im p l is t ic  e x te n s ib i l i ty  o f  a  s m a r tp h o n e -  

b a s e d  a u to p i lo t  to  c o e x is t  a n d  c o m m u n ic a te  a c ro s s  m u l t ip le  d e v ic e s  s e a m le s s ly .

T h e  s m a r tp h o n e  w a s  a n  e f f e c t iv e  to o l  d u r in g  th e  te s t in g  p h a s e  a s  i t  a l lo w e d  

q u ic k  a c c e s s  to  p r o g r a m m a t ic  a d ju s tm e n ts  t h a t  c o u ld  b e  a l te r e d  w i th  th e  

s m a r tp h o n e  G U I  d ire c t ly ;  m o s t  U A S  r e q u i r e  m a n u a l  c o d e  a l te r a t io n s  a t  a  d e s k to p  

to  p e r f o r m  s im i la r  a d ju s tm e n ts .  W h ile  n o n - R T O S  w a s  a  c o n c e r n  to  p r o p e r ly  

m a n a g e  th e  d y n a m ic  c o n tro l  o f  a n  a i r b o r n e  v e h ic le ,  th i s  th e s is  s h o w e d  th a t  e v e n
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u n d e r  w o r s t - c a s e  c o n d i t io n s ,  th e  A n d r o id  O S  w a s  s u f f ic ie n t  to  a c h ie v e  f l ig h t  a n d  

c o m p le te  a n  e n t i r e  m is s io n  a u to n o m o u s ly .

L a s t ly ,  a  k e y  d i f f e r e n t ia t in g  f e a tu r e  o f  th is  th e s i s  is  i ts  c o m p le te  a u to n o m y . 

S p e c if ic a l ly ,  th e  a b i l i ty  f o r  a  s m a r tp h o n e  a p p  to  d r iv e  ta k e o f f ,  m is s io n ,  a n d  la n d in g  

w i th o u t  h u m a n  in te r ru p t io n .  M o s t  n o ta b ly ,  th e  s u ite  o f  c o n n e c te d  a n d  e m b e d d e d  

s e n s o r s  w a s  s u f f ic ie n t  to  a l lo w  f o r  c u rv e  f o l lo w in g  l a n d in g  p a t te r n s  w i th in  m e te r s  

o f  th e  t a k e o f f  lo c a t io n  th a t  r iv a l  th e  a u th o r ’s e x p e r ie n c e  w i th  h u m a n  c a p a c i ty .

7 . 3  F u t u r e  W o r k

T h is  th e s i s  e s ta b l i s h e d  th e  p o te n t ia l  o f  s m a r tp h o n e s  a s  th e  c o n tr o l  f o r  a n  

u n m a n n e d  a e r ia l  s y s te m , y e t  m a n y  p a th w a y s  f o r  e x te n d in g  th e  s c o p e  r e m a in .

7 .3 .1  S im p l i f i e d  D e s ig n

T h is  th e s is  u s e s  b o th  a n  e x te r n a l  c a m e ra  a n d  b a r o m e te r ,  m o s t ly  f o r

c o n v e n ie n c e .  F u tu r e  w o r k  c o u ld  e l im in a te  b o th  o f  th e s e  e x te r n a l  d e v ic e s  a s  th e  

c a m e ra  q u a l i ty  o n  a  s m a r tp h o n e  m o r e  th a n  s u rp a s s e s  t h a t  w h ic h  w a s  u s e d  h e r e ,  a n d  

c a re f u l ly  c r a f te d  le n s e s  c o u ld  e a s i ly  o r ie n t  th e  p ic tu r e  f ra m e  a t  w i l l .  A s  p r e v io u s ly  

d is c u s s e d ,  s o m e  s m a r tp h o n e s  h a v e  q u a l i ty  b a r o m e te r s  e m b e d d e d ,  th u s  th e  e x te rn a l  

b a r o m e te r  c o u ld  b e  e a s i ly  r e m o v e d .  T h e s e  tw o  c h a n g e s  w o u ld  s im p l i f y  th e  

e x te r n a l  c o n n e c t io n s  a n d  o v e ra l l  d e s ig n .
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C u r r e n t ly ,  v e r y  f e w  s e rv o s  w i th  U S B - ty p e  c o n n e c t io n s  e x is t .  I f  c u s to m  

s e rv o s  w e r e  d e s ig n e d  w h ic h  c o u ld  b e  n e tw o r k e d  in to  a  s in g le  s ta n d a r d  U S B  p o r t ,  

t h e n  th e  I O I O  i t s e l f  c o u ld  th e o r e t i c a l ly  b e  e l im in a te d ,  r e q u i r in g  e v e n  f e w e r  

e x te r n a l  d e v ic e s  to  t r a n s i t io n  f ro m  s m a r tp h o n e  to  c o n tr o l le r .  T h e s e  s e rv o s  c o u ld  

e v e n  u s e  B lu e to o th  o r  a n o th e r  w i r e le s s  s y s te m  f o r  c o m m u n ic a t io n ,  th o u g h  th is  

w o u ld  n e c e s s i ta te  c a re fu l  d e la y  in v e s t ig a t io n  a s  to o  m u c h  w o u ld  r e s u l t  in  a n  

u n s ta b le  s y s te m .

A  s m a r tp h o n e  a l r e a d y  h a s  s e v e r a l  a n te n n a s  w h ic h  c o u ld  b e  le v e r a g e d  to  

r e m o v e  th e  r e l ia n c e  o n  th e  X B e e  r a d io s .  A t  s h o r te r  d is ta n c e s ,  b o th  W IF I  a n d  

B lu e to o th  a re  p o te n t ia l  o p t io n s ,  b u t  m o re  p o w e r f u l ly ,  a s s u m in g  th e  U A S  is  w i th in  

th e  c o v e ra g e  a re a  o f  a  c e ll  p r o v id e r ,  th e  in te r n e t  c o u ld  b e  u s e d  to  d e l iv e r  in te r ru p t  

c o m m a n d s  f ro m  a  g r o u n d  s ta t io n .

T h e s e  th r e e  c h a n g e s  w o u ld  g r e a t ly  s im p l i f y  th e  o v e ra l l  h a r d w a r e  d ia g r a m , 

e s s e n t ia l ly  c r e a t in g  a  s m a r tp h o n e  w i th  s e rv o s  d i r e c t ly  l in k e d  a n d  n o  o th e r  

n e c e s s a r y  c o m p o n e n ts .  T h e  a u th o r  s e e s  n o  m a jo r  l im ita t io n  to  th is ,  a lb e i t  th e  

a d d i t io n a l  c o m p le x i ty  f o r  a  f e w  o f  th e  s u b s y s te m s  fe l l  o u ts id e  th e  s c o p e  o f  th is  

th e s i s  a n d  w a s  th e r e f o r e  s k ip p e d  f o r  e x p e d ie n c y .

7 .3 .2  N e w  T e c h n o lo g y

3 D  v is io n  is  u n d e rw a y .  M a n y  o f  th e  la r g e  c o m p a n ie s ,  in c lu d in g  M ic r o s o f t ,

F a c e b o o k ,  G o o g le ,  a n d  m o re ,  a re  in v e s t in g  h e a v i ly  in  3 D  te c h n o lo g ie s .68 A s  th e s e
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te c h n o lo g ie s  m a tu r e ,  th e y  c o u ld  b e  u s e d  d i r e c t ly  to  im p r o v e  th e  U A S ’s c a p a c i ty  to  

s e n s e  a n d  a v o id  o b s ta c le s .  I f ,  f o r  e x a m p le ,  a  3 D  c a p tu r e  te c h n o lo g y  w e r e  

e m b e d d e d  w i th in  a  s m a r tp h o n e ,  th e n  i t  c o u ld  b e  o r ie n te d  in  s u c h  a  w a y  a s  to  

im p r o v e  o b je c t  a v o id a n c e  a n d  o v e ra l l  p e r f o r m a n c e .

V ir tu a l  a n d  a u g m e n te d  r e a l i ty  g la s s e s  a re  a ls o  u n d e r  h e a v y  d e v e lo p m e n t .  A s  

th e s e  s y s te m s  a re  s y n c h r o n iz e d  w i th  s m a r tp h o n e s ,  s u c h  a s  th e  S a m s u n g  G a la x y 69, 

n e w  f o rm s  o f  G U Is  a r e  o n  th e  h o r iz o n .  T h e  a b i l i ty  to  q u ic k ly  a s c e r ta in  o b je c ts  in  

th r e e  d im e n s io n s  a n d  th e n  d is p la y  th e m  is  p o te n t ia l ly  g r o u n d b re a k in g .  T h e  

u b iq u i ty  o f  in v e s tm e n t  w i l l  c e r ta in ly  d r iv e  th e  m a r k e t  f o rw a r d ,  a n d  th e r e b y  

im p r o v e  th e  c a p a c i ty  f o r  s m a r tp h o n e s  to  c o m m a n d  a n d  c o n tro l  p e r ip h e r y  d e v ic e s .

N A S A  is  c u r r e n t ly  r e s e a r c h in g  p r o to ty p e  te c h n o lo g ie s  to  c r e a te  a  U A S  

T r a f f ic  M a n a g e m e n t  ( U T M )  s y s te m  th a t  w o u ld  p e r m i t  s a fe  o p e ra t io n s  o f  lo w -  

a l t i tu d e  v e h ic le s ;  s e e  F ig u r e  3 8 . O n e  p o s s ib le  v e r s io n  o f  th e  U T M  s y s te m  ta k e s  

a d v a n ta g e  o f  c e ll  to w e r s .  T h is  w o u ld  a l lo w  c o o p e r a t iv e  f l ig h t  in  d e n s e ly  p o p u la te d  

a r e a s  f o r  m a n y  U A S  s im u l ta n e o u s ly .  A  s m a r tp h o n e  is  t a i lo r - m a d e  to  r e s p o n d  to  

s u c h  a n  e n v i r o n m e n t  a s  th e  n e c e s s a r y  s e n s o r s  a re  s ta n d a rd .
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F i g u r e  3 8 . N A S A  p r o p o s e d  U T M  s y s te m  o f  lo w - a l t i tu d e  a i r c r a f t70

7 .3 .3  E n t r e p r e n e u r i a l

R e c e n t ly ,  th e r e  h a s  b e e n  a  d r a m a t ic  r i s e  in  r e s e a r c h  a n d  p r o d u c t io n  o f

u n m a n n e d  s y s te m s  f o r  b o th  m i l i t a r y  a n d  c o m m e rc ia l  u s e .  O v e r  th e  n e x t  d e c a d e ,  th e  

U A S  in d u s t r y  is  e x p e c te d  to  s p e n d  a n  e s t im a te d  1 2 %  o f  a  to ta l  $ 9 8  b i l l io n  o n  

c o m m e rc ia l  a p p l i c a t io n s .18 S im i la r  to  th e  e a r ly  c o m p u te r  d e v e lo p m e n t  o f  th e  8 0 s , 

th e r e  is  m u c h  r o o m  f o r  d e v e lo p e r s  to  c a s t  a  u n iq u e  v i s io n  a n d  f in d  s u c c e s s  in  th is  

la r g e  a n d  e x p a n d in g  m a r k e t .  A s  a  r e s u l t ,  th e  a u th o r  o f  th is  th e s i s  p la n s  to  le v e r a g e  

m u c h  o f  th e  e x p e r ie n c e  l e a r n e d  a lo n g  th e  w a y  to  d e v e lo p  a n  in d e p e n d e n t  c o m p a n y  

th a t  is  f o c u s e d  o n  th a t  p r o v e r b ia l  c ro s s r o a d s  o f  a r t ,  t e c h n o lo g y ,  a n d  c o m m e rc e ,  a n d  

b u i ld s  u p o n  th e  b r i l l i a n t  u s e r  e x p e r ie n c e  th a t  s o c ie ty  e x p e c ts  o f  s m a r tp h o n e s .
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